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ABSTRACT 
Radio frequency (RF) has been predominantly utilized for wireless transmission of data 
across biological tissues. However, RF communications need to address several challenges 
like interference, safety, security, and privacy, which often hamper the communications 
through the tissues. To mitigate these challenges, light-based communication can be 
exploited, as optical wireless communications have unique advantages in terms of 
security, interference and safety. In this thesis work, we have utilized near-infrared (NIR) 
light to investigate the feasibility of optical wireless data transfer through biological 
tissues. To understand the basics of optical communications through biological tissues 
(OCBT), fresh meat samples and optical phantoms have been used as models of living 
biological tissues. An experimental testbed containing a data modulated light source and 
a photodetector was implemented to carry out different measurements regarding the 
OCBT concept. We have explored the influence of parameters like transmitted optical 
power, temperature of the tissue, tissue thickness, and position of the light source on the 
performance of the light-based through-tissue communication system. Analysis of the 
measurement data allowed us to compare and characterize the effect of used optical 
elements for better performance evaluation of the optical communication system. We 
have successfully transmitted a high-resolution image file through a 3 cm thick pork tissue 
sample. The maximum transmitted power through the tissue sample during the optical 
communication was 231.4 mW/cm2, which is well below the limits defined by standard of 
safety regulation. A data rate of 22 kilobits per second has been achieved with the 
experimental system. Practical limitations of the current testbed prevented obtaining a 
higher data throughput. The results indicate a dependence of optical received power with 
respect to the tissue temperature. Moreover, we found both thickness and compositional 
differences of the biological tissues have a significant impact on the transmittance rate. 
This thesis work can be considered as a part of the development of 6G technology. The 
outcomes of this pilot study are very promising, and in the future, numerous potential 
applications based on OCBT could be developed, including wireless communications to 
implanted devices, in-body sensors, smart pills, and others. 
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1 INTRODUCTION 
With the constant advancement of wireless communications technology, almost every aspect 
of our daily lives is getting greatly benefitted from its numerous applications. There has been a 
significant rise in adoption of the internet system globally and by the year 2023, nearly two-
thirds of the global population are expected to have access to the internet. Thus, globally the 
number of internet users is projected to be increased from 304 million in the year 2000 to a 
staggering 5.3 billion in the year 2023 [1]. Simultaneously, there will be a rapid increase in the 
usage of mobile communication devices due to the on-going developments of the wireless 
technologies. These large numbers of devices as well as the increasing popularity of advanced 
large bandwidth-consuming services will result in several challenges like supporting high data 
rates and low latency, the need for secure and interference tolerant networks, etc. It is extremely 
essential for the new generation of wireless technologies to overcome the challenges.  
In recent years, the Internet of Things (IoT), a future-forward technology appears to have a 
significant role in the enhancement of the wireless technology paradigm. IoT is considered as 
a state-of-the-art technology system with an aim to connect network devices and machines for 
exchanging information. Wireless communications have also made significant contributions to 
the betterment of healthcare. The medical industry is experiencing continuous developments 
due to the extensive use of various technologies such as wireless body area network (WBAN), 
wireless personal area network (WPAN), wearable devices, etc. Considering the rise of digital 
technologies, hospitals are in a state of major transformations in the future and the medical 
treatment would see a drastic improvement as well. The concept of hospital of the future (HoF) 
is primarily based on the purpose of having wireless connectivity among patients, health care 
professionals, medical devices. Due to their unique characteristics, optical wireless 
communications (OWC) have the potential to be exploited vastly towards future healthcare 
progress.  
Moreover, there has been a growing interest in the advancement of 6G technology. The main 
aim of the Finnish initiative, 6Genesis Flagship program is the constant development and 
improvement of the research areas contributing to the 6G technology system [2]. There has 
been a significant enhancement in health care and living conditions over the past years and this 
enhancement makes smart health as one of the major focuses of 6G development [3]. In this 
thesis, optical wireless communications through biological tissues will be studied which is 
regarded as a part of the implementation of smart health. The future healthcare is expected to 
be highly benefitted by various usage of improved technologies. Light has a wide range of 
applications such as laser surgery, optical tomography, photodynamic therapy in the medical 
field developments as well as diagnosis and treatment of various diseases. Figure 1 presents a 
general overview regarding the basic concept of optical wireless communications where two 
scenarios have been considered. Firstly, an implantable medical device (IMD) is placed inside 
the human body and can relay information to the external device through an optical link. In the 
same way, it is also possible for an external device to be able to send information to the IMD. 
The other scenario can be considered as intra-body communication where the human body is 
regarded as the communication medium. Here, the communication takes place between two 
IMDs placed inside the body.  
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Figure 1. Schematic representation of (a) to and from IMD communication, (b) intra-
body communication 
 
 
1.1 Background and Motivation  
In recent years, the utilization of information and communications technology in healthcare has 
been considerably increased due to its numerous advantages. The need for a better 
understanding of the body functions and constant physiological monitoring lead medical 
implants to play a significant role in the field of healthcare. Medical implants can either be 
implemented inside a human body or be placed on the surface of the body. Pacemakers, 
implantable cardioverter defibrillators, neurostimulators, medical delivery pumps are some of 
the examples of implantable medical devices [4]. Apart from transmitting the important body 
vital signs, IMD is also able to store delicate medical information. Wireless communications in 
healthcare as well as the medical implant communications system (MICS) are typically based 
on the existing radio technology.  
Over the years, there has been a growing interest in exploiting optical wireless 
communications as an alternative to conventional radio frequency (RF) communications. Light 
rays have numerous applications in diagnostic and therapeutic medical applications. Although 
radio technology has been predominantly used for wireless connectivity, it still suffers from 
interference, security, spectrum congestion, issues regarding privacy, and safety. Moreover, 
IMD using the radio-based technology are more likely to get exposed to cyber-attacks due to 
the security issues of RF. According to some recent studies, there have been some staged attacks 
demonstrated to show the evidence that medical implants using RF technology are quite 
vulnerable to outside attacks which can severely breach the safety of patients’ valuable medical 
data [5]. Any malfunction of the implants due to the deliberate attacks can result in serious 
health risks of the patient.  
Optical wireless communications are undoubtedly capable of overcoming the drawbacks of 
radio communications because of its diverse advantages. Thus, both the wireless 
communications system can become complementary approaches to each other. The advantages 
such as increased security, larger bandwidth (BW), lower power consumption, non-
interference, harmless for the human body, safety and privacy make optical communications a 
convenient approach for establishing communications through biological tissues. This thesis 
work is motivated to alleviate the various risks associated with RF regarding the wireless 
communications between the implanted devices and circuitry outside the body. Besides, the 
harmful impact on biological tissue as a result of RF radiation can be mitigated using optical 
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communications. It is challenging to remotely access optical communications link thus assuring 
the safety of both patients and important medical information. 
 
 
1.2 Goal of the Work 
A feasibility study of the optical wireless data transfer through biological tissues is presented 
in this thesis work. Optical communications can be viewed as a potentially safe approach for 
transmitting data through biological tissues. The main goal of this thesis is to establish 
successful communications through biological tissues using light rays. The reason behind 
utilizing light instead of conventional radio is to eliminate the drawbacks such as lack of safety 
and health risks associated with radio communications. Since this is a feasibility study, we 
would like to investigate the performance of biological tissue as an optical channel. In this 
work, we also aim to find initial results regarding how far inside the human body (eg., range) 
we can reach during the optical communications and the achievable data rate.  
Here, for wirelessly transmitting data through biological tissue, near-infrared (NIR) of 810 
nm wavelength has been used since NIR light has the best propagation characteristics in 
biological tissues. We have used biological tissue-mimicking phantoms and samples of fresh 
pork meat prepared for this purpose as the optical communications media. An experimental 
testbed has been used to carry out the measurements where the phantoms and biological tissue 
were illuminated by light-emitting diode (LED). On the receiving side, a photodetector has been 
used to detect the transmitted light ray which has a line-of-sight (LOS) communication from 
the LED.  
Another aim of this work is to transmit a high-resolution image through both phantoms and 
meat samples. To analyse the feasibility of this optical communications, measurements of 
incident optical power, received optical power, and LED input current have been carried out. 
Characterization and comparison of the measured optical elements are conducted, and graphical 
relationships are presented to determine their effects on transmittance through the used samples.  
 
 
1.3 Contribution of the Thesis 
This thesis work presents a successful optical wireless communication through biological tissue 
using an experimental testbed. We have successfully transmitted data through a 3 cm thick pork 
meat sample using NIR light, allowing us to send a high-resolution image as well. Moreover, 
possible communications through phantoms mimicking human skin tissue illustrate the 
potential of optical communications through the complex structure of biological tissue. 
Comparison and characterization of the various optical elements prove the feasibility of optical 
communication through biological tissue (OCBT). This thesis also explains the effect of 
transmitted power, beam collimation, temperature of the tissue sample, thickness of tissue 
sample to better evaluate the performance of this optical communications system. It also 
discusses about the possible benefits of light being used for wireless communications through 
biological tissue.  
 
  
1.4 Thesis Outline  
This thesis consists of six chapters. The remaining of the thesis is organized as follows.  
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Chapter 2 consists of the necessary theoretical background and literature review needed to 
better understand the work of this thesis. This chapter contains five subsections that cover the 
concept of visible light communications (VLC). The first subsection provides a brief 
explanation of the properties and various important components of the VLC system. The next 
two subsections are focused on the advantages and applications of VLC, respectively. Also, 
some potential applications of both VLC and hybrid optical-radio wireless network systems are 
described in the last two subsections.  
Chapter 3 focuses mainly on the optical properties of the biological tissues. This chapter 
consists of three subsections. The fundamentals of tissues and their classification are included 
in the first subsection. The second subsection covers the propagation of light through biological 
tissue, as well as some of the existing models for simulating photon transportation in tissues. 
Properties of the biological tissue-mimicking phantoms are described in the last subsection. 
Chapter 4 is based on the implementation of the experimental testbed and the principles of 
the measurements taken for the experiment. It is divided into three subsections. In the first 
subsection, the experimental setup of the testbed is introduced, and the system model is 
described as well. A detailed description of the key components of the testbed is provided in 
the next subsection. Finally, the last subsection contains the measurement principles of the 
experiments regarding optical communications through biological tissues.  
Chapter 5 presents and analyses the experimental results of the work that has been done in 
this thesis. Firstly, an elaborate description of the used tissues and phantoms is provided. The 
following two subsections present the measurement results and comparison among different 
scenarios considered for the experiments. Characterization of tissues and communication links 
are explained in the last subsection of this chapter.  
Chapter 6 provides the overall summary of the thesis work. It provides a summary of the 
measurement results, system model, successful objectives of the research goals, and possible 
future research work.   
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2 BACKGROUND AND LITERATURE REVIEW 
This chapter mainly focuses on the theoretical background that is needed to understand the 
thesis. This thesis is based on the concept of optical wireless communications through 
biological tissue. Near-infrared light will be used for wirelessly transmitting data through 
biological tissues. In this literature review, the basic concept of visible light communications 
will be described first. Then, the key components of VLC network such as transmitter, receiver, 
optical links, modulation schemes will be explained. After that, various properties and 
advantages of the VLC system will be covered. A brief comparison between radio frequency 
communications and visible light communications will be presented. It also illustrates the 
growing interest of VLC being utilized in the healthcare system. Finally, this chapter will cover 
the concept of the hybrid optical-radio wireless network system.  
 
 
2.1 Visible Light Communications 
In VLC, the visible spectrum is modulated for transmitting data. The visible spectrum extends 
over a wavelength of 400nm to 700 nm in the electromagnetic spectrum with frequencies 
between 430 THz and 750 THz [6]. Any transmission of data by modulating light waves in this 
range are part of VLC. The range of visible light spectrum in the electromagnetic spectrum is 
shown in Figure 2.  
 
Figure 2. Range of visible light spectrum in the electromagnetic spectrum 
 
Visible light communication is a fast-growing technology that uses fluorescent lamps or 
light-emitting diodes. In recent years, LED lights have become immensely popular because of 
their several advantages. They hold advantages like longer lifetime, energy efficiency, 
robustness, and good temporal stability [7]. Moreover, LEDs have the property of playing the 
role of both illumination and data transmission. This can be considered as one of the main 
reasons for LED to be used in VLC technology. The LED used in VLC can transmit data along 
with providing illuminance in a simultaneous way [8]. In this way, advantages like high data 
security, high bandwidth, larger data rate can be achieved during the communication [9]. Also, 
LED is the most energy-efficient as well as more durable among all the current lighting 
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technologies.  The consumption of typical LEDs can be up to 65% less than conventional lamps. 
All these characteristics make LEDs as the most suitable choice for visible light 
communications [10].  
A typical scenario of visible light communications is described in Figure 3. Here, it can be 
seen that, apart from illuminating the room, LED lights are also providing optical 
communication between various devices. Here, downlink (DL) is naturally carried out using 
the visible spectrum but uplink (UL) typically uses IR light, to separate the UL and DL channels 
and to avoid users being disturbed by light generated at devices nearby. It is possible to 
modulate LEDs at higher speeds. Since the modulation takes place at high speed, the human 
eye cannot see any blinking or fluctuation of the light intensity. Besides, they are not eminently 
directional and can be considered secure at high power while using in an indoor environment  
[11].  
 
 
Figure 3. Schematic representation of an environment having VLC 
 
VLC technology can be considered as a section of the typical set of optical wireless 
communications. Thus, VLC systems follow the same physical principles as optical 
communications. In the case of VLC, visible light rays play the role of a carrier which is also 
used for illumination. The main purpose of using VLC is to have communication and 
illumination simultaneously. So, it is always very important for VLC technology to have 
elements like transmitter and receiver. The visible light communications system can be divided 
typically into three parts, a transmitter, an optical channel, and a receiver. A block diagram of 
the VLC system consisting of these parts is shown in Figure 4 [12].  
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Figure 4. Block diagram of a VLC system 
 
Intensity Modulation with Direct Detection (IMDD) is usually used in optical wireless 
communications. Over the recent years, various modulation techniques have been started to be 
associating with VLC. The modulation schemes compatible with VLC network include single 
carrier modulation (SCM), orthogonal frequency modulation (OFDM), colour modulation 
schemes. Again, these modulation schemes have some subdivisions which could well be used. 
SCM includes on-off keying (OOK), pulse width modulation (PWM), M-ary pulse amplitude 
modulation (M-PAM), M-ary pulse position modulation (M-PPM), DC biased OFDM (DFT 
OFDM) and carrier less amplitude modulation (CAP). There are several criteria regarding 
OFDM like DC biased OFDM (DCO OFDM), inherent unipolar, superposition OFDM, and 
hybrid. On the other hand, colour shift keying (CSK), colour intensity modulation (CIM), and 
metameric modulation (MM) can be included in colour modulation. 
 
 
2.1.1 Transmitter 
VLC transmitter part mainly consists of data module, modulator, and LED. The data can be 
sent by modulating the intensity of light by the LEDs. The transmitter of VLC plays the role of 
supplying the lighting of the place where it is situated. In general, any sort of lighting source 
can work as a transmitter device. The bulbs which are being conventionally used can have the 
capacity for several LEDs. The light needs to be modulated for the transmitted data modulation 
and there is a need for constant presence of light. Figure 5 represents a complete block diagram 
of a VLC transmitter. After the modulation of light, the channel’s frequency response gets pre-
compensated by the pre-equalization process. The illuminance of the bulb is controlled by a 
driver circuit which guides the course of current within the LEDs [13]. The transmission in 
visible light communication depends on contrasting the intensity of light where human eyes 
cannot spot the intensity fluctuations [14]. 
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Figure 5. Block diagram of a VLC transmitter 
 
 
2.1.2 Optical Channel 
In general, the VLC channel is portrayed as the optical wireless (OW) channel. In VLC, LED 
light units are typically placed on the ceiling. In this system, LEDs work as the source in the 
DL transmitter. The optical communication channel is between the transmitter and the receiver. 
The channel’s main purpose is to transmit the carrier signal. When the VLC is concerned, the 
channel happens to be the area between LED and photodetector (PD). In mathematics, it can be 
expressed with its transfer function, which is as follows [12],  
 
 𝑟𝑟𝑖𝑖 = 𝐻𝐻𝑠𝑠𝑖𝑖 + 𝜔𝜔𝑖𝑖,       (1) 
 
where, 𝑟𝑟𝑖𝑖 is the received set of symbols, H is the channel response, 𝑠𝑠𝑖𝑖 is the transmitted set of 
symbols and 𝜔𝜔𝑖𝑖 is the channel noise. 
The VLC channels are grouped in a similar way like infrared links [15]. The configuration 
of links in both VLC and IR communications is quite identical to each other. The configuration 
varies due to the operating wavelength and devices like LED, photodetector which are 
dependent on the wavelength [16]. The dual characteristic of VLC (illumination and 
communication) also acts as one of the reasons for this variation.  
VLC links can be classified into the following two approaches [15], and this classification 
is presented in Figure 6. The first criterion can be understood by the directionality of the 
transmitter and receiver. Based on this, there are three more subdivisions. The first one refers 
to the direction of the transmitter and the receiver towards a distinct point. This type of 
configuration is less prone to issues with artificial and ambient light sources. The next 
subdivision is where the transmitter and the receiver are not directed to a particular point and it 
is termed as a non-directional pattern. There are possibilities of larger optical loss and 
multipath-induced distortions with using this pattern. The power level would be elevated to 
overcome this situation. Also, there can be a variation between the directionality levels of 
transmitter and receiver [17]. This is referred to as a hybrid form and can be considered as the 
last of the mentioned subdivisions. In hybrid form, the transmitter is directed to a specific point 
but the receiver happens to be wide-field [18] and without being directed to a specific point.  
The second criterion is classified on the basis of line-of-sight (LOS) between transmitter and 
receiver. Likewise, the first criterion, the second one is also classified into two subdivisions. 
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The first one belongs to LOS configurations, in which transmitter and receiver are in view of 
each other without having any obstacle between them. This system is power efficient and also 
makes the calculation of path loss less complex as reflection is not required to be taken into 
account. Non-line-of-sight (NLOS) configuration is the second subdivision in which the signal 
does not transmit directly between the transmitter and receiver as the path of propagation is 
obstructed (partially or completely) by obstacles [17]. The most convenient system would be 
the diffuse system consisting of NLOS configuration and a combination of non-directed 
transmitter and receiver. Summation of the LOS and diffuse components is applied to gather 
the channel bandwidth [19]. 
 
 
Figure 6. VLC link configurations [17] 
 
 
2.1.3 Receiver 
In the VLC receiver side, the photodetector is the principal component. Photodiodes and 
phototransistors are two major kinds of photodetectors [12]. A particular VLC receiver is 
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usually made of concentrator, optical filter, photodetector, amplifier, equalizer, and electrical 
filter. For receiving the VLC signal in a receiver, a photodiode is employed. Figure 7 shows a 
general receiver block of the VLC system. The purpose of the concentrator is to collect light 
signals going to the next component. The next component is the optical filter which works to 
tapering down the band. The filtered signal gets detected by the photodiode and transforms the 
optical signal into an electrical signal in a photocurrent format. A photodetector is one of the 
fundamental components of the VLC receiver. It is an electronic device which detects photon 
in order to generate electrons. The amplifier amplifies this photocurrent and for the 
enhancement of data rate, equalization is carried out [20]. The amplifier also helps to separate 
the desired optical signal from noise and interference [21]. As LEDs are usually on the ceiling, 
there would be at least one LOS signal on the receiver side. 
 
 
 
Figure 7. Block diagram of a VLC receiver 
 
 
2.2 Advantages and Disadvantages of VLC 
Visible light communications have been coming out as an interesting field of optical 
communication targeting the light spectrum visible to human eyes. Due to its availability and 
simple modulation with the use of LEDs, VLC holds several advantages. The main advantage 
of VLC can be considered as the ability of transmission of data and illumination simultaneously. 
Also, with the increase in usage of LED lights, VLC can be easily set up using the existing 
lighting infrastructure. Only by upgrading some of the existing lighting features, the whole 
communication system can be structured. Apart from this, there are many advantages to the 
VLC system which are mentioned below:  
Efficiency: Light is modulated in VLC to transmit data. Typically LED lights are used for 
this system. In recent years, the usage of LED lights has been greatly increased. LEDs are 
regarded as significantly energy efficient when compared to other accessible lighting 
technology [22]. This energy-efficient property of LED makes visible light communications a 
green communications technology as well as environment-friendly [23].  
Cost-effectiveness: LED lights have an extremely high lifespan ranging over e.g., 25000 
hours of operation (at 70% lumen maintenance) [24], which means there is no need for frequent 
changing of the lights. For short-distance communications, VLC links can transmit at 4 Mb/s 
using optoelectronic devices costing only one US dollar per module [25]. Moreover, as visible 
light is used, the data transfer is almost free of cost. These superiorities can forge the overall 
VLC system to be cost-effective.  
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High-density coverage: Visible light communications can serve as reliable wireless access 
in certain places with a huge number of people. In those areas covered densely with users, the 
Wi-Fi system faces difficulties because of their spectrum limitations. Subsequently, every user 
tends to share the same access point spectrum. In VLC, all the LED bulbs light up a dedicated 
area which leads to creating small cells that provide coverage to a fixed number of people. In 
this way, there is no need for all the users to share the same access point, thus guiding to provide 
better network coverage [26]. Data speed of 15 Gbit/s can be achieved by VLC [27]. 
Bandwidth: Radio frequency refers to the rate of oscillation of electromagnetic radio waves 
in the range of 3 kHz to 300 GHz [28]. For communications transmission and broadcasting, this 
frequency band is typically used. On the other hand, VLC with a wavelength of 400nm to 
780nm possesses 10,000 times greater spectrum availability than that of conventional radio 
waves [29]. It means VLC owns a significant amount of accessible bandwidth for data 
communication.  
Safety: Visible light does not cause any risk to human health. Visible light assures the 
regulations regarding the safety of eyes, as the light is visible, high power is easily detected. 
Whereas, for IR light since it is not visible, high power is not detected and it could then be 
dangerous. So, following this regulation it can be used with optical power emitted to a larger 
degree compared to IR concerning the transmission distance [30]. The transceiver of VLC 
consumes less power as all signals in VLC transmission and reception end are at baseband and 
the optoelectronic component is responsible for the up-down conversion.  
Interference: VLC usually does not cause any interference with RF signals [31]. This makes 
visible light communications a more suitable technology to be used in areas sensitive to 
electromagnetic waves.  
Data security: VLC is regarded as a short-range communication system and is mostly 
suitable for indoor scenarios. Light does not penetrate through walls, also the spatial 
confinement of light beams make the communications intensely secure [32]. Moreover, light 
can be confined to a specific area and does not leave that area if any boundary comes up. So, 
visible light communication cannot be disturbed (e.g., jammed) by a third party. In contrast, 
radio waves can penetrate through walls and also eavesdrop is possible. In comparison with 
radio waves, VLC can be thought of as a more secure means of communication.  
Spatial reuse: Visible light communications are operated by using light which is directional 
and encircled in a particular area. This phenomenon enables various non-interfering links to 
occur in neighbouring proximity [33]. In this way, bandwidth densities become high as well 
[34].  
A summary of the comparison between radio and visible light communications is 
represented in Table 1. 
 
Table 1. Comparison between radio and visible light communications 
Property Radio VLC 
Spectrum 30 Hz - 300 GHz 430 THz – 750 THz 
Data rate High Very high 
Safety for human  Less High 
Security Low High 
Electromagnetic (EM) interference Yes No 
Power efficiency Medium High 
Range Short-to-long Short 
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Visible light communications are considered to be a very promising technology with 
numerous advantages and benefits. Although, it comes with a few disadvantages as well. One 
of the disadvantages occurs if at any point in time, unwittingly the receiver gets obstructed. As 
light cannot get over any objects other than transparent or translucent, the signal will be 
interrupted [35]. For VLC to operate optimally, two communication equipment need to have a 
direct line-of-sight. Although, NLOS operation is possible but, since the optical power falls 
significantly, the supported data rate could drop largely. Another issue of concern is the 
interference from different light sources both artificial and natural [36]. Additionally, as light 
is the base of the VLC system it can be a hindrance to use in places where darkness is required. 
Besides, VLC serves only as a short-range communication technology.  
 
 
2.3 Applications of VLC  
Features like free spectrum, data security, high data rate steer visible light communications 
technology to have a wide range of applications. It also has attributes such as larger bandwidth, 
immunity to electromagnetic interference, harmlessness to human bodies. All these traits have 
made VLC to be striking and appealing technology in recent times. Thus, there are plenty of 
scenarios and areas where VLC can be a suitable medium of communication. Some of the fields 
where VLC can be used effectively are stated below: 
Indoor systems: The main prerequisite of establishing visible light communications is to 
have LED lights. Nowadays, most of the indoor places (homes, offices) are equipped with LED 
lights due to their various advantages over other commercially used lights. With the help of 
LED lights of the room, transmission of multimedia and television signal are possible [37]. The 
purpose of smart lights is to be able to remotely control the intensity and switching of 
implementing visible light communications in smart lights can provide illumination, control, 
and communications at the same time. Also, the energy consumption will be less, and the need 
for wiring would be limited as well. 
Transportation and vehicle: There has been a rapid growth in using LED technology for 
vehicle lights, street lamps, traffic signals during recent years. Also, the front and rear lights of 
vehicles are implemented increasingly with the LED technology. A growing interest in 
intelligent transportation system (ITS) and increasing use of LED in automobiles lead VLC to 
be applied in vehicular communications. Visible light communications can be extended to a 
smart traffic system and in that way, different information (vehicle speed, traffic routes, etc) 
can be shared between the vehicles on road. This vehicle-to-vehicle communication (V2V) is 
of great use for preventing accidents and assuring safety on roads. The headlights of the cars 
can be considered as transmitters and inserted photodiodes can be considered as receivers [38] 
for the aforementioned communication. Due to the existing LED technology of traffic systems 
and automobiles, vehicular visible light communications (V2LC) is being regarded as simple 
and cost-efficient. Mostly the intelligent transportation system relies on dedicated short-range 
communication (DSRC) which is based on radio frequency, for instance, IEEE 802.11p. 
Positioning relying on VLC has some advantages over conventional DSRC as error rate in the 
former lies in tens of centimetres making it less prone to delays, packet collisions during the 
larger amount of vehicle on roads [39]. In [40] some more applications of VLC for vehicle-to-
infrastructure (V2I) and V2V communication using image sensors have been proposed. Apart 
from the LOS attribute of the VLC system, here high-frame-rate (HFR) CMOS image sensors 
have been used, which can contribute to the safety of vehicular communications by image and 
video processing along with functions of VLC.  
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Underwater communication: Underwater communication is provided with many 
challenges compared to communications in air. An advanced and delicate system is needed to 
have successful underwater communications. RF communication cannot provide a satisfactory 
result when used underwater as the propagation is not efficient because radio waves get 
absorbed rapidly in water. Acoustic system is another alternative, but it has disadvantages like 
latency and low data rates. Water can only be transparent through visible band [41]; thus, visible 
light communications is suitable for underwater communications providing high-speed data 
rate over a short distance.  
Mobile connectivity: Interconnection among smartphones, laptops, tablets, personal 
computers can be done using visible light communications in a similar way as Wi-Fi. Because 
of the short-range connection, it provides larger data rates and high data security.  
Defense and security: Visible light communications can be implemented in military and 
defense services. These services very often deal with extremely sensitive data. As VLC 
technology is free from interferences it is not possible to alter the data from outside during 
communications. Besides having high communication rates, GPS-based systems can be 
substituted by positioning and range information in many places [42]. 
Location based-services: A potential application of visible light communications is in 
location-based services, where GPS receiver cannot work efficiently. For example, in an indoor 
place, a smartphone containing photodiode can work as a receiver. As the phone has 
photodiode, it can detect signals from the LED lights deployed in the room acting as the 
transmitter [43].  
Indoor positioning system: VLC has great potential to be used for indoor positioning where 
short-range communications and low data rates are applicable. An application using this system 
could be very useful for the store owners as unexplored products can be made easily visible and 
at the same time, it can help the customers to easily find their desired products[44]. This system 
is highly beneficial for the customers as there is no requirement for any extra hardware to be 
attached in their respective mobile phones. Moreover, intensity modulation/direct detection and 
RF carrier allocation methods have been used for indoor positioning with VLC [45]. This 
process provides a high level of accuracy in positioning, where the error regarding the 
estimation of positioning is 2.4 cm.  
Advertising industry: Plenty of billboards with different sizes and dimensions are seen on 
the roads used for advertisements. These billboards use a huge number of LED lights. Exterior 
network connection is achievable by utilizing the LED light intensity, which can be very 
beneficial to construct connections among users or traffics on road.  
 
 
2.4 VLC in Medical Sector and Healthcare 
Nowadays, hospitals are dealing with an increasing number of patients; as a result, doctors use 
wireless communications to track the situation of the patient in real-time to offer better quality 
care. Radio frequency technology is most commonly used in healthcare these days. Even though 
it is a very flexible and reliable medium of communications, but issues such as security and 
privacy, interference, radio exposure, and spectrum congestion make RF an unfavourable 
technology for certain scenarios in hospitals. Sensitive areas like operating rooms, around 
medical scanners RF communication is prohibited due to the impact of interference on delicate 
medical devices, health concerns of patients, the safety of medical records. However, these 
issues can be solved by using visible light communications in hospitals to lessen health risks. 
VLC being highly secure and free of interference can be regarded as a prospectively suitable 
medium of communications in future hospitals. In hospitals, VLC can greatly be applied to 
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monitor patients, networking, medical records storage, communication among various medical 
devices.  
The usage of implantable devices for physiological monitoring has been increased in recent 
years. These devices are implanted by doctors and scientists to observe and study various 
properties of the human body [46]. Various important signals (e.g., electrocardiogram, glucose 
level, and blood pressure) can be relayed from implanted sensors to external equipment for 
analysis which can lead to both prevention and better treatment. So, it is crucial to have proper 
communication between the implanted devices and circuitry outside the body. Generally, 
wireless radio frequency telemetry has been used in several implantable medical devices. From 
various recent studies, it is known that the radio-based implanted medical devices are not utterly 
secure as sometimes they can be at risk of misuse [5]. There is a possibility of hacker attacks in 
heart devices using software or wireless communications leading to malfunctions which could 
be life-threatening at times. Implanted cardiac equipment may be susceptible to remote 
monitoring, which could lead to interruption, cyber security violations causing failures and 
drainage of batteries. Moreover, defibrillators that are implanted to prevent deaths from cardiac 
arrest are also vulnerable to hacking and could deliver unnecessary shocks to the heart or fail 
to respond. In a confined environment, optical signals transmit data in a more reliable manner 
because of the directivity and impermeability towards blockade. Also, a very significant small 
communication range makes light-based communications to be safe and secure. 
VLC possesses no health hazards to the human body, and it can be used in association with 
various medical sensors. As light is an essential part of any hospital, the dual role of LED lights 
(transmission and illumination) makes VLC a promising technology to be used in hospitals. 
VLC can also serve as excellent guidance for the visually impaired people. In [43], the authors 
proposed a system using the LED lights as transmitter sharing location data and mobile phones 
as receivers. The mobile phone determines the ideal path and conveys the message to the 
visually impaired people using a headphone.  
 
 
2.5 Hybrid Optical-Radio Wireless Networks 
Conventional radio technology has been the most commonly used means of wireless 
connectivity over the years. Various advantages of radio technology including good 
propagation characteristics, existence of multiple standards, low cost, etc. have made it a 
predominant means of wireless communications. Despite being recognised widely, the radio-
based system has some drawbacks such as sensitivity to interference, vulnerability to security 
attacks, radio exposure, spectrum unavailability, privacy, and safety. In recent times, visible 
light communications are being viewed to have the potential to be a revolution in future wireless 
networking. As discussed, VLC possesses several major advantages like larger bandwidth, 
interference immunity, energy efficiency, safe for the human body. All these advantages can be 
utilized to implement a hybrid optical-radio wireless network where radio and visible light-
based communications complement each other. In this way, properties of VLC can neutralize 
the mentioned limitations of radio technology, thus provide a communication technology with 
better spectrum availability, energy efficiency, high data security. So, flexible and adaptive 
networking technology can be generated by using radio and light-based communications in a 
cooperative manner [47]. This hybrid network can satisfy the particular requirements of 
sensitive areas with the help of its flexibility and adaptability when the configuration is 
concerned.  
The hybrid network, a combination of radio and light-based communication technology can 
be of great use in sensitive environments like hospitals. This hybrid technology has emerged 
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as an attractive area of research and several different concepts regarding the combined 
technology have been proposed. In [48] a hybrid VLC and RF point-to-point technology have 
been implemented, where the VLC link acts as the principal link, and depending on the 
availability it is considered to be an active link. If there occurs a cut off in the principal link, a 
vertical handover will take place between the nodes. The main focus of this hybrid technology 
is to create a combined system with an ability of handover between VLC and RF links. Another 
reconfigurable hybrid wireless network is described in [49], which is particularly suitable for 
future hospitals. Reconfigurable hybrid access points and reconfigurable optical radio wireless 
body area network (RORWBAN) are incorporated in the proposed network. Transmitter and 
receiver modes can be effectively adjusted by the network. Various operating modes of the 
hybrid transceiver is used in reconfigurable hybrid access points. In reconfigurable wireless 
body area networks, separate reconfiguration of network nodes is possible, and it works in the 
same way as general wireless body area network. The need for strict line-of-sight can often 
cause difficulties for proper communications using visible light, as light can easily be 
obstructed. For overcoming this problem, another hybrid optical-RF wireless network having 
fast network handover has been implemented. This system has the ability to rapidly switch over 
to the radio link whenever the VLC link faces any problem, e.g., light obstruction. Point-to-
point user datagram protocol (UDP) data distribution was used while the rate of a dropped 
packet was taken as the performance measurement criterion [47]. In [50], another 
reconfigurable hybrid optical-radio wireless network system has been proposed. This network 
has the capability to be configured effectively according to the user’s needs and operating 
conditions. Also, this hybrid network is considered to be a highly flexible and effective use of 
the resources is possible using the network.  
Hybrid technologies would be very handy and convenient to implement in medical sectors. 
Some places in a hospital are sensitive to radio frequency. In those areas, hybrid networks can 
be viewed as the appropriate method of acting entirely as optical communications. Moreover, 
there might be a need for a larger bandwidth, in that case, data for transmission can be divided 
and transmitted through both radio and optical channel. The hybrid system also utilizes the 
property of high data security, one of the most important advantages of optical communications. 
Additionally, the link (radio or optical) with less power consumption can be chosen, making 
the hybrid system work as a low-power approach [49].  
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3 BIOLOGICAL TISSUES: BASIC DESCRIPTION AND 
PROPAGATION OF LIGHT 
This chapter covers the basic description of biological tissues as well as the propagation of light 
through the tissues. Firstly, the fundamentals of tissue are discussed. Then, the principle of the 
propagation of light in biological tissues is explained. This chapter also discusses some of the 
existing models for simulating photon transportation in tissues. Finally, the chapter covers the 
description and properties of biological tissue-mimicking phantoms as well.  
 
 
3.1 Fundamental of Tissues 
The human body consists of trillions of cells which are viewed as the basic building block of 
the body. Cells are the functional and structural unit of any living beings and the structure of 
them depends solely on the cells. Cells have a complex structure with each part providing 
different functions. Apart from providing the structure of the body, some other important 
functions of the cells include generating energy from the nutrients of food, developing 
metabolic reactions, speeding up the growth using the mitosis process, helping in reproduction, 
etc. Cells having similar structure and function form a group which is known as tissue. Cells 
contributing to form a tissue come from a common origin.  
The tissues of the human body are divided into four basic tissue types: epithelial tissue, 
connective tissue, muscle tissue, and nervous tissue. A brief description of these main tissue 
types is given in the sections below. 
 
 
3.1.1 Epithelial Tissue 
Epithelial tissues are considered as protective tissues that consist of a set of cells covering the 
external parts of the body as well as some surface of the internal organs. The outer layer of the 
skin, lining of the digestion tract, reproductive and urinary tracts are some examples of 
epithelial tissues. Depending on the number of layers of the cell and cells’ shape, epithelial 
tissues are organized into different categories. There are three types of cell shapes such as 
squamous, cuboidal, and columnar. The shape of squamous cells is thin and compressed 
whereas cuboidal is squared shape with the same length and width. On the other hand, columnar 
cells are rectangular where length is higher than the width. Based on the number of cell layers, 
there can be three categories. The first one is a simple epithelium in which cells lie in a single 
layer and have direct contact with the basal lamina. The next one is the stratified epithelium 
that consists of multiple layers of cell and the basal lamina is connected only with cells with a 
basal layer. The last category is pseudostratified epithelium which consists of only one layer 
and the layer contains asymmetrical formation [51].  
Epithelial tissues perform various functions in the human body. The cells covered under 
epithelial tissue are provided with mechanical strength and resistance by it. Their functions also 
include excretion, filtration, sensory reception, absorption, movement of substances. Moreover, 
they protect the internal organs from foreign agents, chemical stress, and radiation damage.  
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3.1.2 Connective Tissue 
The connective tissue is the most diverse tissue that connects the other tissues to maintain the 
shape of organs. It contains extracellular matrix and provides structural and metabolic support 
for the tissues. Connective tissues perform various functions like protecting internal organs, 
helping with immune function, connection, and binding, storing, and transporting different 
nutrients. Connective tissues are classified into three broad categories such as connective tissue 
proper, supportive connected tissue, and fluid connective tissue. Depending on the composition, 
two types of tissues, loose connective tissue, and dense connective tissue are included in 
connective tissue proper. Apart from connecting tissues, it also provides shock absorption. On 
the other hand, in dense connective tissues, fibers are densely arranged and more resistance to 
stretching is provided [52]. Supportive connective tissues consist of bone and cartilage. They 
extend supportive structures for the other tissue types. Bones are the hardest connective tissue 
and act as supporting structures for the body by providing a rigid framework. They are 
comprised of cells, fibers, extracellular matrix, and help to store necessary components calcium 
and phosphorus. Cartilage is a firm connective tissue which is an important structural 
component of the body. It is made of cartilage cells and matrix. Matrix is a gel and contains 
cartilage cells and fibers. It helps with shock absorption to lessen friction, provides shape to 
nose and ear. There are three different types of cartilage found in the body, hyaline cartilage, 
elastic cartilage, and fibrocartilage. Blood and lymph are considered as fluid connective tissue. 
Blood contains a liquid ground substance called plasma and form elements like white and red 
blood cells, platelets. White blood cells protect from outside invasion while oxygen and carbon 
dioxide are transported by red blood cells. The lymph carries white blood cells and fat all over 
the body [51]. 
 
 
3.1.3 Muscle Tissue 
Muscle tissues are composed of specific cells having the ability to contract when they get 
stimulated. This contraction leads to the generation of force and that allows the movement of 
bones. There are three types of muscle tissue in the body: skeletal, cardiac, and smooth muscle 
tissue [51]. Skeletal muscle tissue is made of long skeletal muscle fibers which are cylindrical. 
They are unseparated and placed in parallel with each other. Tendons bind some skeletal 
muscles to bones and these muscles control the voluntary skeletal movement. Skeletal muscle 
contains multiple nuclei and different striations. Cardiac muscle tissues also have one or two 
nuclei and striations. They contain intercalated discs and these discs help the cells of cardiac 
muscle tissue to be able to contract as a bunch. Cardiac muscles are found in the walls of the 
heart and they perform the process of pumping blood through the heart. The movement of these 
muscles is involuntary. Similarly, smooth muscle tissues also do not have voluntary control and 
the location of them are walls of some major organs and passageways. Their functions include 
transportation of various components like food, secretions through those major organs. The 
blood flow in arteries is controlled by them with the help of contraction [51].  
 
 
3.1.4 Nervous Tissue 
Nervous tissues are made of two types of cells: neuron and neuroglia. The nervous system 
carries signals from the brain to the rest of the body. Nervous tissues are located in the spinal 
cord, brain, and nerves.  
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Neurons consist of a cell body (soma), dendrites, and axon. The cell body has a nucleus and 
the nucleolus is surrounded by organelles. Dendrites are extended from the cell body and 
provide surface area for signal reception. The length of the axon starts from axon hillock and it 
has terminal branches at the end called a secretory region. Axon works as a conducting region 
and produces electrical impulses known as action potentials. Neurons can be categorized by 
functions and structures. Depending on the functions, there are three types of neuron: sensory, 
motor, and interneuron. Information signals get transmitted from sensory receptors towards the 
central nervous system (CNS) by sensory neurons, and motor neurons transmit signals from 
CNS towards muscles. Interneurons are very common in CNS and their purpose is to assist in 
the transportation of the information. Based on the structure there are three types of a neuron: 
unipolar, bipolar, and multipolar neuron. 
The main function of neuroglia cells is to support and hold neurons in place. They are also 
classified into two categories: microglia and macroglia. Microglia provides the fundamental 
immune protection for CNS. Astrocytes, oligodendrocytes, Schwann cells are considered as 
macroglia. Functions of astrocytes include neuronal support, monitoring neuronal 
communication, damage repairing. Oligodendrocytes and Schwann cells protect neurons with 
myelin sheath in the central nervous system and peripheral nervous system respectively [51].  
 
 
3.2 Propagation of Light in Biological Tissues 
Biological tissues are considered as a turbid media and propagation of light through this turbid 
media is a quite complex phenomenon. For various biomedical diagnostics and therapeutic 
applications, it is extremely important to understand light propagation in tissues. Different 
biomedical applications vastly depend on the tissue optical properties. The optical properties of 
tissues are based on the fundamentals of light-matter interaction. Turbid media is heterogeneous 
and has strong scattering properties. The absorption coefficient, scattering coefficient, 
anisotropy factor, refractive index are the most important parameters for understanding the 
optical properties of tissue. Reflection and refraction need also to be considered when light 
propagation in tissue is concerned.  
 
 
3.2.1 Absorption Coefficient 
The absorption property of tissue and its various components (cells, cells organelles, etc.) act 
as a governing factor for the propagation of light in tissue. Hemoglobin, melanin, bilirubin, 
betacarotene are some of the main absorbers in the tissue [53]. The description of light 
propagation in absorbing medium (if the scattering is neglected) can be given with the Beer-
Lambert law [54]. The value of absorption coefficient is measured from this so-called Beer-
Lambert law.  
 
 𝐼 = 𝐼0exp⁡(−µ𝑎. 𝑙),         (2) 
 
where, 𝐼 is the intensity of transmitted light ⁡𝐼0⁡is the intensity of incident light, µ𝑎 is the 
absorption coefficient and 𝑙⁡is the optical path length. A schematic representation of the 
transmittance rate is shown in Figure 8. 
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Figure 8. A schematic representation of the concept of transmittance 
 
The distance in the medium until which a particular light ray penetrates through before 
absorption causes attenuation of the light beam is calculated from the absorption coefficient. 
The intensity of light gets dropped to 𝑒𝑒 times after a specific length, known as absorption length. 
The absorption coefficient can be defined as, 
 
 µ𝑎𝑎 =
1
𝑙𝑙𝑎𝑎
⁡, 
 
      (3) 
where, 𝑙𝑙𝑎𝑎 is the absorption length and the unit of the absorption coefficient is mm-1. All the 
optical methods rely on transmittance, reflectance, fluence rate, intensity [55]. For optical 
property measurements, ex vivo and in vivo methods can be used. In the ex vivo method, an 
experimental procedure is performed outside the living organism, whereas the experimental 
procedure is performed inside the living organism for the in vivo method. Measurements of 
absorbed light in both thick tissue and homogeneous large tissue are considered as ex vivo 
methods.  
 
 
3.2.2 Scattering Coefficients 
The mismatch of the refractive indices is the main reason behind the scattering of light in 
biological tissues. Heterogeneity of the biological tissue makes the scattering of light a difficult 
task. The distance in the medium until which a particular photon penetrates through before 
scattering causes attenuation of the light beam is calculated from the scattering coefficient. 
Scattering coefficients are determined by the average number of scattering events per unit 
length. The intensity of light gets dropped to 𝑒𝑒 times after the scattering length. Scattering 
coefficient is expressed by [54], 
 
 µ𝑠𝑠 =
1
𝑙𝑙𝑠𝑠
⁡, 
 
      (4) 
where, µ𝑠𝑠⁡is defined as the scattering coefficient with a unit of mm-1 and 𝑙𝑙𝑠𝑠⁡is the scattering 
length. Scattering in tissues is an important factor for both therapeutic and diagnostic 
biomedical applications. Scattering coefficients provide useful information about light 
dosimetry which is a key feature regarding therapeutic applications. Light wavelength and 
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different refractive indices determine the photon direction after scattering events. Light 
scattering can be caused by any compositional change of tissue components. So scattering 
properties are very helpful for the diagnosis of diseases. Scattering of light can occur either as 
elastic or inelastic type. Elastic and inelastic scattering refer to the change of the photon energy 
or wavelengths during the scattering. Scattering cross-section is a characteristic of the particle 
of the medium. The cross-sectional area of the scattering is defined as, 
 
 𝜎𝑠 =
µ𝑠
𝐶
⁡, 
 
      (5) 
where, 𝜎𝑠 is the scattering cross-section and 𝐶 is the volume density. The scattering phase 
function is a function of scattering angle, explains the distribution of intensity of scattering. The 
new direction of the propagating light after scattering is determined with the help of the phase 
function. In biological tissue, propagating light can scatter in various directions. Another 
essential characteristic of light propagation in biological tissue is the anisotropy factor 
expressed by 𝑔. This parameter is dimensionless, and it provides the direction of the scattering. 
Its value ranges from -1 to 1. Backward scattering is represented with the value of -1 and 
forward scattering is represented with a value of 1. The average anisotropy value of biological 
tissue is ~0.9. For visible wavelengths, the direction of light scattering in biological tissue is 
mostly in the forward direction and this makes biological tissue highly anisotropic. Anisotropy 
factor is considered to be the average of the cosine of phase function [56].  
 
 
𝑔 = 〈𝑐𝑜𝑠𝜃〉 =
∫𝑝(𝜃)𝑐𝑜𝑠𝜃 𝑑Ω
∫𝑝(𝜃)⁡𝑑Ω
⁡, 
 
      (6) 
 
 
where, 𝑝(𝜃) is the phase function.⁡The attenuation coefficient of the tissue medium is the sum 
of absorption and scattering coefficients. It is expressed as µ𝑡, 
 
 µ𝑡 = µ𝑎 + µ𝑠 .       (7) 
 
Due to the heterogeneous structures, biological tissues undergo Rayleigh and Mie scattering 
[54]. After a scattering event, the direction of light changes. This change of direction varies 
according to Rayleigh and Mie scattering. The size of the tissue particle determines whether the 
scattering would be of type Rayleigh or Mie. Rayleigh scattering occurs when the size of the 
particles is much smaller than the light wavelength. A strong dependency on light wavelength 
is present in Rayleigh scattering. Similarly, Mie scattering occurs when the size of the particles 
happens to be comparable to the wavelength of light. In Mie scattering, light scattering in a 
forward direction is more dominant and it is less dependent on the light wavelength, compared 
to the Rayleigh scattering [54][56][57]. Thus, after scattering, the light tends to propagate 
towards a generic direction. Rayleigh scattering equation is given by,  
 
 
𝐼 = 𝐼0 ⁡
8𝜋4𝑁𝛼2
𝜆4𝑅2
⁡(1 + 𝑐𝑜𝑠2𝜃), 
      (8) 
 
where, 𝐼 is the intensity of transmitted light, 𝐼0 is the intensity of incident light, 𝑁 is the number 
of scatterers, 𝛼 is the polarizability, 𝜆 is the wavelength of light, 𝑅 is the distance from scatterer 
and 𝜃 represents the scattering angle. Figure 9 represents the Rayleigh and Mie scattering.  
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Figure 9. (a) Rayleigh scattering, (b) Mie scattering [58] 
 
 
3.2.3 Reflection and Refraction 
Biological tissues are made of multiple layers and this makes the light interaction with tissue 
quite complex. When light rays enter from one medium to another medium, depending on the 
refractive indices of the media and the incident angle, lights get reflected and/or refracted. The 
refractive index is an important parameter to effectively understand the interaction between 
light and tissue. Due to the multiple layers in a tissue structure, it is difficult to find the exact 
interface between different layers. Thus, determining the refractive index of tissue becomes 
challenging. Therefore, the average value needs to be taken from a specific tissue area for 
evaluating the refractive index. According to the fundamentals of light propagation, light 
propagating through a biological tissue should be reflected or refracted at the interface between 
two distinct tissue types. Since the heterogeneity of tissue formation, the reflection and 
refraction of light propagating through the tissue cannot be determined as a single phenomenon. 
Different internal tissue borders with different refractive indices are taken into account to 
evaluate various incidents of light reflection and refraction. These events are averaged to 
estimate the actual occurrence of reflection and refraction of light in biological tissue [54]. 
 
 
3.2.4 Existing Models to Describe Light Propagation in Biological Tissues  
Photon transportation in a turbid media is a complex process and over the years several transport 
theory models have been developed to understand photon transportation. The methods can be 
classified as deterministic and stochastic methods. Electromagnetic theory and radiative 
transfer theory (RTT) (flux theory, adding-doubling method, diffusion approximation) are 
referred to as deterministic approach. On the other hand, the Monte Carlo method, random walk 
theory (RWT), photon path-integral formalism are considered as stochastic approaches.  
The radiative transfer theory is an analytical approach to interpret the transportation of 
photons in tissues. Absorption, scattering in other directions cause the light intensity to be 
reduced. At the same time, scattering from other directions towards the initial direction 
increases the light intensity. In the RTT equation, this loss of intensity and increased intensity 
are added together to achieve the change in light intensity in a specific volume. The radiative 
transfer equation is given as, 
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1
𝑐
⁡
𝜕𝐼(𝑟,Ω⃗⃗⃗,𝑡)
𝜕𝑡
+ Ω⃗⃗⃗𝛻. 𝐼(𝑟, Ω⃗⃗⃗, 𝑡) + (µ𝑠 + µ𝑎)𝐼(𝑟, Ω⃗⃗⃗, 𝑡) = µ𝑠 ∫ 𝐼
⁡
4𝜋
(𝑟, Ω⃗⃗⃗, 𝑡)𝑝(Ω⃗⃗⃗, Ω⃗⃗⃗′)𝑑Ω⃗⃗⃗′ + 𝑄(𝑟, Ω⃗⃗⃗, 𝑡),                                                                                                                            
(9) 
 
where, 𝐼(𝑟, Ω⃗⃗⃗, 𝑡) represents radiation intensity in direction Ω at point r, 𝑝(Ω⃗⃗⃗, Ω⃗⃗⃗′) represents 
scattering phase function, 𝑐 is the speed of light. Owing to the fact that biological tissue has 
multiple layers, light rays traveling through the tissue faces multiple scattering. These multiple 
scattering leads the photons to be diffused when it penetrates through a much deeper layer in 
tissue. This diffusion phenomenon can be explained by the diffusion equation,  
 
 1
𝑐
⁡
𝜕Ф(𝑟, 𝑡)
𝜕𝑡
− 𝐷𝛻Ф(𝑟, 𝑡) + µ𝑎Ф(𝑟, 𝑡) = 𝑆(𝑟, 𝑡), 
(10) 
 
 
Ф(𝑟, 𝑡) = ∫ 𝐼(𝑟, Ω, 𝑡)𝑑Ω, 
(11) 
 
where, 𝐷 is the photon diffusion coefficient and 𝑆(𝑟, 𝑡) is the source function. 
Monte Carlo (MC) is a very flexible and popular method for simulating photon 
transportation in tissues. Monte Carlo is a stochastic method and it provides a numerical 
simulation tool for photon propagation in biological tissue. This method is based on the 
expression of the direction of a photon using the radiative transfer equation (RTE) of photon 
transportation [59]. The probability distribution of the deflection angle due to the light 
scattering and photon transportation at the communication state of photon-tissue are used in 
this method.  
Monte Carlo is a statistical method and it consists of some computational steps. Initially, a 
number of photons are transported through the tissue. When the photon is transmitted, it 
encounters various phenomena like scattering, reflection, refraction, absorption. After the 
photon is propagated, s defines the step size and w defines the weight of the photon [60]. The 
medium can be chosen as with either infinite or semi-infinite geometry. Step size is the 
propagation distance of photon within the location of interaction and it can be determined using 
the Beer-Lambert law and inverse distribution method. The step size, 𝑠 can be written as, 
 
 
𝑠 = −
𝑙𝑛𝜉
µ𝑎 + µ𝑠
, 
(12) 
 
 
where, 𝜉 is considered as a random number, µ𝑎 and µ𝑠 are the absorption and scattering 
coefficients, respectively. After that, the movement of the photon gets started. The position of 
the photon is updated if it experiences any internal reflection after exiting the medium. In the 
case of no internal reflection, some parts of the photon weights are absorbed, and it can be 
defined by ΔW.  
 
 ∆𝑊 = (
µ𝑎
µ𝑡
)𝑊, (13) 
 
where, µ𝑡 is the sum of absorption and scattering coefficients. The reflection and transmission 
of photons are also monitored during the computation. After the absorption, photons face the 
scattering process. Polar angle, scattering angle, anisotropy factor are the important parameters 
that need to be sampled and calculated during the scattering process. The scattering angle 𝜃 is 
often calculated using the Henyey-Greenstein function. 
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𝑝(𝑐𝑜𝑠𝜃) = 1 −
𝑔2
2
(1 + 𝑔2 − 2𝑔𝑐𝑜𝑠𝜃)
3
2, 
(14) 
 
where, g is the anisotropy factor. The polar angle ∅⁡is defined as,  
 
 ∅ = 2𝜋𝜉. 
 
(15) 
The absorption and scattering processes are continued until the photon leaves the tissue 
medium. The weight of the photon is compared to a threshold value so that the fate of the photon 
can be determined. If the weight is lower than the threshold, the Russian roulette method is 
applied [61]. This roulette technique is capable of deciding whether a photon with low weight 
will survive or not. After surviving the Roulette technique, if a photon is found to be the last 
one then the computation is considered to be finished. Otherwise, a new photon packet gets 
launched, and all the computational steps will be followed again.  
Monte Carlo simulation can be employed for both homogeneous and inhomogeneous tissue 
models. The inhomogeneous model consists of multiple tissue layers. In the inhomogeneous 
case, it is possible that the photon can get hit between the existing layer and another layer of 
the tissue. Photon movement advances when it gets passed onto the next tissue layer or returns 
to the current layer. Moreover, a photon can also hit between the medium and the layer it is 
staying on. Calculation of transmittance and reflectance comes into play if the photon leaves 
the medium and it depends on the combination of the medium and tissue layers [62].  
An object-oriented programming (OOP) based MC simulation model has also been 
developed which can enhance the simulation performance [63]. It makes the use of graphics 
processing units (GPU) and computes unified device architecture (CUDA) for the acceleration 
process. An online computational platform serving as a cloud-based Monte Carlo tool for 
photon transport is available for biophotonics applications [64]. The platform contains several 
applications to understand photon propagation. It can be a very useful tool for calculating 
sampling volume, polarization, skin spectrum, skin color, fluence rate, optical coherence 
tomography (OCT), pulse oximetry, coherent backscattering (CBS), diffuse wave spectroscopy 
(DWS), fluorescence, confocal microscopy. 
 
 
3.3 Phantoms 
Phantoms are the tissue-mimicking objects used for various biomedical experiments and 
diagnostics. The growing interest in utilizing optical techniques for biomedical applications has 
prompted the requirements of using these phantoms [65][66][67]. It is important to calibrate 
the devices for authenticating and validating the optical measurement techniques. Phantoms 
have properties like flexibility, less manufacturing time, durability, reproducibility, controlled 
optical properties, and phantoms that can be chosen based on these. The use of phantoms also 
limits the necessity of experimenting with real tissues as their optical properties might get 
degraded over time. The optical properties of the phantoms can be constructed according to 
their function. While mimicking a particular tissue, it is also important for a phantom to be able 
to perfectly replicate the tissue. Phantoms are very useful in examining the propagation of light 
in complicated multi-layered tissues [67].  
Propagation of photons in tissues can be realized with the help of absorption, scattering, and 
scattering anisotropy. These factors need to be taken care of during the fabrication process of 
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tissue phantom so that they are perfectly similar to that of in tissues. Optical parameters like the 
absorption coefficient, anisotropy factors as well as the transmittance of the collimated light are 
needed to achieve the scattering coefficient [66]. For the successful fabrication of tissue 
phantoms, it is extremely important to match these mentioned parameters.  Moreover, it is 
essential to choose correct materials while fabricating the phantoms in order to match the optical 
properties accurately. A number of different materials can be used for creating phantoms like 
titanium dioxide, aluminium oxide, polymer microspheres, zinc oxide, silicone, intralipid, 
albumin, agar, polyacrylamide gels, collagen, agarose, polyester resin, polyvinylchloride-
plastisol, polyurethane, etc [68]. Among these, polyvinyl cryogels are heavily used in phantoms 
fabricated specially for medical applications. The optical properties of these phantoms can 
easily be modified, and this makes them a suitable choice for various applications such as 
optical elastography, biomedical optical methods, ultrasound, photoacoustic imaging, magnetic 
resonance imaging, diffuse optical imaging. Fibrin phantoms are fitted for experiments where 
organic materials are present. 
 Depending on the ways of obtaining light scattering, phantoms can be classified into two 
categories [65]. These are: nanoparticle or microparticle induced scattering and intrinsic 
scattering of the phantom materials. The first one is one of the most commonly used phantom 
types in which size, pattern, the concentration of the nanoparticle act as the deciding factors to 
obtain the proper light scattering. On the other hand, the other type does not contain any nano 
or microparticles and it has a homogeneous property with a relatively simple fabrication 
process.  
A lot of different phantoms have been designed and developed to serve the purpose of 
biomedical optical experiments. The inverse adding-doubling (IAD) method is one of the most 
common methods for determining the optical properties of phantoms. Various techniques to 
measure the optical properties of homogeneous tissue phantoms mimicking skin are presented 
in [66]. Total reflectance, total transmittance, and collimated transmittance are very significant 
characteristics for understanding the phantom properties. These parameters can be measured 
with a spectrophotometer system with integrating spheres. Refractive index, dispersion 
characteristic, geometrical dimensions, surface roughness also play vital roles in calculating 
optical properties. The optical properties of the phantom can be then determined by using the 
IAD method in which the adding-doubling technique is used to interpret the radiative transport 
equation iteratively. Proper measurement of the phantom thickness is needed as the ground rule 
of this method lies on a sample of the infinitely thick plane-parallel slab.  
Construction of phantoms with homogeneous property using an intrinsic scattering of the 
materials has been presented by the authors in [65]. They can be used in experiments where the 
bone and lung tissue need to be replicated. The inverse adding-doubling method following a 
spectrophotometric process is used here as well to attain the optical properties of the phantoms. 
These phantoms are made of two materials: a silicone elastomer polydimethylsiloxane (PDMS) 
and glycerol which is a transparent fluid. For these phantoms, instead of being used as a matrix 
material, a mixture of PDMS has been utilized as particle-free scattering material for the first 
time. The root of the intrinsic scattering was spotted by imaging the composition inside the 
phantoms by applying scanning electron microscopy. Quantity of glycerol has also been altered 
to see its effect on the optical properties. Glycerol does not react with PDMS as well as, 
polymerization of PDMS does not depend on the amount glycerol being used.  
Phantoms are also made to mimic the multilayer tissue structure which are composed of a 
number of layers with various thickness. Capillary structures with vessels joined together 
having different widths can be placed inside these multilayer tissue phantoms [67]. Polyvinyl 
chloride-plastisol and titanium dioxide nanoparticles are used as materials for the phantoms. 
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Diffuse near-infrared spectroscopy (NIRS) is a popular method to examine different tissue 
parameters like oxygen saturation, oxygen in muscle, changes in blood volume, blood flow, 
etc. Phantoms with controlled optical properties can also be used for non-invasive optical 
diagnostic where different layers of the head including skull, skin, gray, and white matter [69].  
These phantoms are a very suitable choice for experiments using the NIRS method. Polyvinyl 
chloride-plastisol (PVCP) zinc oxide (ZnO) nanoparticles are used as a matrix material and 
scattering material, respectively.  
Stable, solid-state phantoms with controlled optical properties are needed for biomedical 
applications that involve the skin. Realistic vessel structure can also be incorporated in the 
phantom to mimic the pig ear skin [70] having exactly matched optical properties. Several 
different layers have been added to make a multi-layered complex skin phantom and the optical 
properties are evaluated by implementing Mie theory. Another useful method for estimating the 
important parameters of both tissue and phantoms like absorption coefficient, reduced 
scattering coefficient and anisotropy factor is Monte Carlo simulation.  
Moreover, phantoms compatible for biomedical applications with laser radiation have been 
designed and developed by the authors in [71]. Treatment of skin lesions often requires laser 
therapy treatment. It is always a prerequisite for the devices to have tested for therapeutic 
efficiency. These preclinical experiments can be done using optical skin phantoms and 
applications of these phantoms are presented [72]. Phantoms constructed from polyvinyl 
alcohol (PVA) gel are popularly used in photoacoustic imaging (PA). For photoacoustic 
imaging methods, both optical and acoustic properties of the phantoms need to be tuned 
according to those of tissues. The spatial distribution of phantom parameters like the speed of 
sound (SOS), acoustic attenuation (AA), and reduced scattering coefficient have been analysed 
to study the compatibility of PVA breast phantom in photoacoustic imaging.  
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4 IMPLEMENTATION OF THE EXPERIMENTAL TESTBED 
In this chapter, the experimental testbed will be introduced. At first, the OWC system 
implementation is described. The key components used for transmitting and receiving data have 
been explained. After that, different components and circuits used for the transmitter such as 
LED, LED driver, as well as the photodetector used for receiver, are described. The modulation 
scheme used for baseband carrier modulation is analysed. This chapter also discusses the 
measurement principles of optical communications. 
 
 
4.1 System Description 
An experimental testbed has been developed and implemented to examine, measure, and 
explore this particular through-the-tissue optical wireless communications. This testbed 
consists of mostly commercially existing products such as Universal Software Radio Peripheral 
(USRP), optical transmitter, optical receiver. In this work, the testbed is designed to create an 
optical wireless communication using NIR light. For this experiment, NIR light has been used 
owing to the fact that it has better capabilities to propagate through deep tissues. NIR light at a 
wavelength range of 650-1350 nm is considered to have the maximum penetration depth in 
tissues [73]. This improved penetration depth significantly makes NIR light a convenient 
choice. Biological tissues possess very strong absorption and scattering properties which makes 
the light propagation through tissues quite challenging. These absorption and scattering 
problems are less prominent by using NIR light. The testbed can provide great adaptability as 
the equipment used can be changed or connected with ease. The key components used in the 
testbed are the optical transmitter, optical receiver, and biological tissue. The system model of 
the VLC testbed is illustrated in Figure 10. The transmitter side consists of a computer, USRP, 
bias-tee, LED driver, and LED source. The components placed at the receiver side are 
photodetector, USRP, and computer. The transmitter and receiver for the system have been 
constructed with the help of USRP modules which are convenient and cost-efficient in terms of 
system designing. LEDs, LED driver, and detector are implemented with front end electronic 
components. GNU radio tunnel example has been executed using GNU radio software to build 
a tunnel between the source and receiving nodes. The GNU radio software has many 
modulation schemes to generate a baseband signal and we have selected Gaussian minimum-
shift keying (GMSK) for this work.  
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Figure 10. A system model of the optical wireless communications testbed 
 
 
4.2 Description of Key Components of Testbed 
In this section, different components of the OWC testbed have been described in detail. The 
separate explanation of the testbed components helps to completely understand the testbed. The 
specifications and functionality of the individual component are explained in detail here. At 
first, the optical transmitter portion is presented which contains a detailed description of the 
distinct components that the transmitter is consisted of. Then, all the components regarding the 
optical receiver are explained. A brief representation related to the chosen GMSK modulation 
scheme has been mentioned as well.  
 
 
4.2.1 Universal Software Radio Peripheral (USRP) 
USRPs are software-defined radio (SDR) devices developed and designed by Ettus Research, 
the daughter company of National Instruments. Instead of using hardware to carry out signal 
processing tasks, SDR technology utilizes software to establish RF communications. This 
technology allows a device to work with different standards after reconfiguration as the 
maximum universal unit of that device can be selected [74]. It is possible to design, implement, 
and prototype wireless communications systems by using USRPs which are typically 
transceivers having the ability to be reconfigured. These devices consist of a combination of 
host-based processors, FPGAs, and RF front ends. They can be of great use in cases of Long 
Term Evolution (LTE) testbeds, Multiple-Input Multiple-Output (MIMO) technologies, Wi-Fi 
testbeds, signals intelligence (SIGINT), radar systems [75].  
For this work, two NI USRP-2920 with possible dynamic reconfiguration were used of 
which one is used for transmission and another one is used for the receiver. NI USRP-2920 has 
a bandwidth of 20 MHz and the frequency of the device ranges between 50 MHz to 2.2 GHz 
[75]. Both the USRPs are connected to the respective host computers by standard gigabit 
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Ethernet interface. LabView which works as an Application Development Environment (ADE) 
is installed in the computer and NI-USRP driver software is downloaded.  
Communication between both transmitter and receiver USRPs is observed by configuring 
them accordingly. GNU radio is an open-source software toolkit equipped with various blocks 
for signal processing. GNU radio software provides tunnel examples through which a 
communication link can be established using USRP. A GNU radio tunnel example has been 
executed [48] [4] [50] and the associated program blocks work together to send data packets 
from one USRP to the other one. The transmission of data through these different blocks follows 
a particular procedure of linking the blocks. Network tunnel/network tap (TUN/TAP) driver 
from Linux is used by the tunnel example which acts as virtual network devices. Figure 11 
shows the components that are associated with the tunnel software. TUN is regarded as a virtual 
device for the network layer, whereas TAP works as a virtual device for the data-link layer. A 
network interface is constructed by these virtual network devices TUN and TAP [47]. It is 
possible to obtain data packets of the network device from the user-space application. A virtual 
buffer is produced by the TUN driver thus allowing the data packets to be copied from user-
space application to network device [48] [47]. Two virtual sublayers, MAC and PHY are 
included in the TUN network device. The transmitted data packets get processed and these 
sublayers are introduced. After processing, data packets are transferred from the source to the 
MAC sublayer. Then the packets get received by the PHY sublayer from the MAC sublayer 
and it forwards the data to USRP as the PHY sublayer is connected to the USRP [50].   
  
Figure 11. GNU tunnel software 
 
 
4.2.2 Optical Transmitter 
The purpose of the optical transmitter is to convert the information signal to be sent into light 
signals. An optical transmitter is comprised of elements namely data source, modulation, pre-
equalization, LED driver, LED, transmitter optics. The working principle of an optical 
transmitter can be divided into two segments: the analog segment and the signal processing 
segment. The analog segment mainly contains the LED, LED driver, and transmitter optics. 
Data source, modulation, and pre-equalization are included in the signal processing segment. 
Sampling, modulation, and other necessary signal processing at the transmission side are 
handled by GNU radio, thus making the transmission setup quite simple and efficient [76] [77]. 
LED and LED driver might hamper the required linearity needed for the conversion of the 
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electrical signal to light [76]. Pre-equalization is responsible for correcting any occurrence of 
nonlinearity due to the LED or LED driver. The components of the analog part are described in 
the following sections.  
 
 
4.2.2.1 Light Emitting Diode (LED)  
In recent years, LED lights have become an essential part of the lighting technology due to their 
various advantages over other available light sources. This huge popularity of LED is mainly 
due to high energy efficiency, reliability, etc. LED can be considered to be the main component 
of VLC as it holds the attributes of providing lighting conditions and wireless communications 
simultaneously. LEDs are extremely energy efficient and high modulation bandwidth can be 
achieved by using them.  
LED is a semiconductor diode in which visible light is emitted when an electrical current 
passes through it. This semiconductor diode is made of two semiconducting materials named 
p-type and n-type. A p-n junction is created from the combination of these two materials. A 
voltage is applied to this p-n junction where the positive side of the battery goes to the p-type 
portion and the negative side goes to the n-type portion, thus causing an electric field inside the 
p-n junction. In a p-n junction, the p side holds excess of ‘holes’ and n side hold an excess of 
‘electrons’. When the current flows through the junction, positive holes and negative electrons 
start moving in an alternate direction. The moment both holes and electrons recombine with 
each other, they release some energy in the form of photons. 
For the developed testbed, an 810 nm mounted IR LED produced by Thorlabs has been used. 
This mounted LED includes a single LED that is mounted at the end of a heat sink. The 
wavelength of the used mounted LED is 810 nm and has 1 mm2 of radiation spot. The heat sink 
at which the LED is mounted has a diameter of 30.5 mm. The output power of the LED is 325 
mW and the bandwidth is 25 nm. A constant supply of current is needed for the operation of 
LED and the maximum supplied current should be 500mA. This current must be passed through 
at 3.6 V of forward voltage by the current source. The electrical power of the mounted LED is 
1800 MW and it has a typical lifetime of more than 10000 hours. It has better thermal 
management property which allows the LED to have lesser optical power loss once it goes to 
the equilibrium temperature. To overcome any optical power loss decreased lifetime or 
overheating, it is extremely important to maintain proper air ventilation. The radiation emitted 
from LED is of high intensity, therefore direct staring at the IR light should be avoided [78]. 
During the experiment, protective glasses were used all the time to prevent any damage to the 
eyes.  
 
 
4.2.2.2 LED Driver 
A LED driver is an electrical circuit needed to control the LED. It drives the power that a LED 
has been given to. LED driver regulates the power provided to the LEDs. The input voltage of 
the LED can be converted to the required optimum voltage using a driver.  
There are quite a few drivers that are compatible to be used with Thorlabs 810 nm mounted 
IR LED [78]. Among them, Thorlabs DC2200 LED driver has been used for this work [4]. This 
driver is mainly used for LED input current modulation. LED current of up to 10 A and a 
forward voltage of up to 50 V can be achieved from this LED driver. It can be controlled by 
using the front panel accompanied by a digital display. The back panel contains a SubMiniature 
version A (SMA) connector where the externally modulated voltage is applied, and the process 
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of modulating LED current is implemented. The LED current limit and the user terminal of the 
driver conversion/modulation coefficient are important factors regarding the conversion of the 
voltage to LED current. A wide range of internal and external modulations are supported by the 
DC2200 driver. One of the supported external modulation modes is Small Signal Bandwidth 
(Sine)3 which can deal with the sine wave. The operating frequency for this Small Signal 
Bandwidth ranges between DC-250 kHz [79].  
Another important component of this testbed is the DC bias-tee which is considered as one 
of the key elements of the testbed. The operating range of the DC bias-tee used in the 
experiment is 100 kHz to 4200 MHz at 0 V to 5 V. A bias-tee is a three-port electrical device 
that comprises a capacitor and an inductor. The purpose of using a bias-tee is to bias an RF 
circuit by supplying DC current or voltage. It works as a diplexer where the inductor blocks the 
AC signal allowing only DC signal to pass through. On the other hand, the capacitor blocks the 
DC bias and allows only the AC to go through. An equivalent circuit diagram of the bias-tee is 
shown in Figure 12. Here in the block (a), DC bias is added to the modulated RF signal already 
connected to one of the bias-tee ports from USRP. LED is provided with the required equivalent 
current by the driver, whereas the DC2200 driver is connected to the output of the bias-tee as 
shown in block (b).  For illuminating the LED to the maximum, the DC bias has been set to 3.6 
V, as LED has the capacity of having forward voltage of 0 V to 3.6 V. DC2200 driver can feed 
up to 400 mA of current to the LED for 1 volt applied. Thus, the LED input depends on the 
voltage that is applied to the bias-tee. The percentage of current coming from the LED driver 
can control the brightness of LED [4]. 
 
Figure 10. Circuit diagram of a bias-tee 
 
A Thorlabs SM2F32B anti-reflective (AR) lens has been utilized to collimate the beam [4]. 
It helps to align the motion of the beam in a particular direction so that the amount of 
convergence or divergence gets reduced. The diameter of the adjustable collimation adapter is 
2 inches with an operating range of 650 nm to 1050 nm and to mitigate the reflection it contains 
an anti-reflective coating [80].  
 
 
4.2.3 Modulation Scheme 
The selection of the modulation scheme for the OWC testbed plays an important role in the 
successful implementation of communications through biological tissue. Various factors like 
data rates, spectral efficiency, signal strength, a simple implementation need to be taken into 
account while choosing the modulation scheme. Pulse-position modulation (PPM), pulse-
amplitude modulation (PAM), pulse-wide modulation (PWM), on-off keying (OOK) are some 
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of the schemes that are compatible to be used for visible light systems [76]. In this testbed, 
Gaussian minimum-shift keying (GMSK) modulation has been chosen and implemented.  
Gaussian minimum-shift keying is considered to be a form of continuous phase frequency 
shift keying (FSK) modulation, where phase modulation and frequency modulation get 
incorporated. As a result, in GMSK there are no phase discontinuities and the spectrum is 
efficiently used. GMSK is viewed as a modified version of minimum shift keying (MSK) in 
which the phase gets changed in symbol intervals thus, a constant envelope is created. Here, 
the modulating signal directly changes the carrier signal phase. In GMSK, a Gaussian filter 
having a relevant bandwidth is deployed before the modulation part which is not present in the 
conventional MSK modulation scheme. A simple representation of the generation of GMSK 
modulation is shown in Figure 13. This pre-modulation Gaussian filter with sharp cut off and 
narrow bandwidth helps the output power spectrum to be used efficiently. Also, any unwanted 
deviation can be avoided using this filter as it possesses reduced overshoot impulse response 
[81]. This filter gives less out of band radiation and partial response MSK signals are created 
from the full response MSK signal [50]. This Gaussian low-pass filter curbs the RF bandwidth 
as well. At baseband, quadrature signal processing is employed with a quadrature modulator 
for the GMSK implementation.  
 
 
Figure 11. Generation of GMSK modulation 
 
The transfer function of the low-pass filter used in GMSK is represented as [82],  
 
                                          𝐻𝐻(𝑓𝑓) = 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 {−(𝑓𝑓𝐵𝐵)
2 𝑙𝑙𝑙𝑙2
2 } ,                                                        (2) 
 
where, 𝐴𝐴 is a constant, 𝑓𝑓 is the frequency and 𝐵𝐵⁡is the 3-dB bandwidth of the filter. Multiplying 
the 3-dB bandwidth and bit time, the time-bandwidth product is achieved. This product is an 
essential parameter for understanding GMSK modulation. To achieve more spectrum 
efficiency, it is important to have smaller BT products. However, for lower values of BT, 
inconsistencies of the GMSK signal from full-response MSK signal may occur. As this 
modulation scheme is provided with a constant envelope, the power efficiency of the scheme 
gets better. Some other advantages of GMSK include the capability of self-synchronization, 
higher spectrum efficiency, signal non-linearity, and lower power for the sideband.  
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The constant envelope property helps the GMSK to have an edge over the other conventional 
modulation schemes like quadrature phase-shift keying (QPSK), binary phase-shift keying 
(BPSK), etc. when it comes to optical communications. This is also the main reason behind 
choosing GMSK as the modulation scheme for this optical communications through tissues [4]. 
GNU radio provides inbuilt GMSK coding which makes the implementation simple and cost-
efficient [76]. The instantaneous phase changes in QPSK modulation leads to signal 
deterioration as LED cannot cope up with that quick phase changes. The constant envelope of 
the GMSK provides steady phase changes thus, help to achieve better signal quality. Moreover, 
better bit-error-rate performance depends on the correct selection of the BT values in visible 
light communications [50].  
 
 
4.2.4 Optical Receiver  
The purpose of the optical receiver is to receive the transmitted optical signal with the help of 
photodetector and then convert the optical signal into an electrical signal. The optical receiver 
side can be divided into several individual parts. At first, photodetector detects the incoming 
light signal and this signal gets amplified. The amplification of the signal is essential for the 
signal to be demodulated correctly. The detected signal then goes through post equalization to 
further improve the signal for synchronization and demodulation.  
 
 
4.2.4.1 Photodetector 
In the optical receiver side, a silicon avalanche photodetector APD120A from Thorlabs has 
been used. The photodetector includes a silicon avalanche photodiode with high sensitivity and 
an ultra-low noise transimpedance amplifier. This high sensitivity is achieved using an internal 
gain procedure. The bandwidth range for this photodetector is from DC to 50 MHz. The 
wavelength range is 400 to 1000 nm and the maximum output voltage is 3.6 V for high Z load. 
The maximum input power is considered to be 1 mW and the CW saturation power is 1.5 µW. 
The effect of out-of-band noise can be mitigated by using an active low-pass filter that is 
included in an ultra-low noise amplifier. It is compatible to be used in cases where a low level 
of light detection is needed due to very less noise equivalent power (NEP). It can also be 
implemented instead of photomultiplier tubes (PMT). Transimpedance gain of the detector is 
100 kV/A and with 50 Ω of termination, it becomes 50 kV/A. Any sort of outside ambient light 
can hamper the avalanche photodetector so necessary measures need to be taken when working 
with the photodetector. The diameter of the detector active area is 1 mm [83]. This diameter is 
not fixed and sticking an additional lens with the detector help to have a higher diameter. At 
800 nm, the sensitivity of the detector reaches the highest point.  
 
 
4.3 Measurement Principles  
In this testbed, different materials have been used as the optical communications medium. The 
materials include optical phantoms and fresh meat samples prepared for this experiment. 
Measurements have been carried with different parameters, like transmission power, sample 
size, sample observation, beam collimation, etc. All the data obtained from the measurements 
have been characterized and compared.  
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Here, the used LED driver modulates the input current of LED, as mentioned in previous 
sections. The LED driver was excited with 3.6 V of externally modulated. The output power of 
LED has been monitored throughout so that the properties of biological tissue do not get altered. 
The biological tissue might get damaged because of the photothermal effect if it gets illuminated 
by LED for an excessive period. An exposure of 2 W/cm2 of power obtained by 1 second of 
exposure at wavelength 830 nm is considered to be safe according to ANSI.Z136.1- 2007 [84]. 
In order to scale down the LED output power for the biological tissue safety, the modulating 
signal is varied. 
Different sizes of meat samples have been used for the experiment. A sample piece of only 
pork meat as well as meat with some fat attached to it have also been used as an alternative to 
human tissues. In addition to the pork meat, biological tissue-mimicking phantoms with various 
thicknesses have been used for the experiments as well. Phantoms and different thicknesses of 
meat samples are placed individually between the LED and photodetector in an aligned 
position. A high-resolution picture was used as the information to be transmitted using all these 
optical communications media.  
Meat samples having different thicknesses are taken to see whether the communications can 
happen through thicker slabs. The effect of tissue thicknesses on output power has been 
investigated. The transmittance rate of meat samples with different thicknesses has been 
obtained to better understand the penetration of light through the biological tissues.  
A Thorlabs SM2F32-B adjustable collimation adapter with Ø2" lens with anti-reflective 
(AR) coating has been used to collimate the beam. This collimation adapter helps to narrow the 
beam of the light rays so that the rays become parallel and more aligned in a particular direction. 
Thus, the light rays experience less scattering when it propagates. The distance between the 
sample and surface of the lens has been varied to understand the effect of the used lens.  
Additionally, measurements have been carried out both with and without the focusing lens 
to understand the effect of beam collimation. Measurements have been performed with both 
cold and heated meat samples. A heating box made of acrylic material has been used to heat 
the meat as well as to maintain the temperature constantly. A portable heater was placed inside 
the box and with the help of a temperature controller, the temperature was set to 37°C. 
Repeatability tests have been performed to evaluate the accuracy of the measurements. To 
understand the impact of the orientation of tissue structure, experiments are conducted by 
moving the placement of the tissue sample. The overview of the testbed for our measurement 
including all the components is presented in Figure 14. 
 
 
Figure 12. Overview of the experimental testbed 
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5 MEASUREMENTS AND CHARACTERIZATION 
In this chapter, the measurement results will be analysed and compared. Firstly, a brief 
description of the used samples (fresh meat and phantoms) is provided. After that, the 
measurement data taken by varying different important parameters are presented and analysed. 
Finally, the results are compared and characterized in order to study the impact of the different 
parameters on the measurement results.  
 
 
5.1 Description of Used Tissues 
For this work, pork meat samples and optical phantoms have been used. The fresh pork meat, 
which typically possesses attributes quite similar to human tissue [85] has been taken from a 
local butcher shop. Here, three separate long pieces of pork belly meat with the skin on have 
been obtained from the butcher shop. The meat pieces have a quite homogeneous structure 
consisting of muscle and fat. These large belly meat pieces have been cut into different pieces 
according to the need of the experiments. Samples with four different thicknesses (1 cm, 2 cm, 
2.5 cm, and 3 cm) have been taken for the measurements. At first, the measurements are carried 
out with meat samples at a cold temperature (11°C). Then the samples have been heated with 
the help of the heating box prepared for this work. The same experiments are repeated with the 
heated meat and the measurement data have been obtained.  
The other sample used in this work is the biological tissue-mimicking phantoms that have 
been manufactured in the Optoelectronics and measurement techniques laboratory, University 
of Oulu [86]. These phantoms are fabricated to mimic human skin. The structure of the skin is 
complex and has multiple layers. Therefore, phantoms must be able to rightly replicate the 
skin’s optical properties such as absorption coefficient, scattering coefficient, scattering 
anisotropy factor, refractive index, and thickness. The inverse adding-doubling (IAD) technique 
has been applied to determine these properties of the phantoms. The phantoms are made of 
polyvinyl chloride-plastisol and zinc oxide nanoparticles [69]. Five different samples of 
phantom have been used for the measurements. The samples presented in Figure 15 represent 
the scattering coefficients of 1 mm-1, 2 mm-1, 4 mm-1, 6 mm-1, and 10 mm-1 of skin thickness.  
 
 
Figure 13. Skin mimicking phantoms used for the measurements 
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5.2 Results Analysis and Comparison 
For the measurements, the Thorlabs NIR LED of 810 nm wavelength and the silicon avalanche 
photodetector have been placed in a LOS position. With the help of an LED driver, we 
modulated the input current of the LED. For the meat samples, two cases are considered for 
obtaining the measurement data. We have taken one set of measurements with the focusing lens 
attached to the LED. Another set of measurements has been done without the LED focusing 
lens.  
First, we have tried to establish an optical communication through a 3 cm thick multi-layered 
meat piece (approximately 0.5 cm of fat and 2.5 cm of flesh). The temperature of the meat 
sample was 11°C at the time of this experiment. We have varied the LED input current, and 
respective optical power applied to the meat sample at these different levels have been 
measured. For both cases, we have been able to establish a successful optical communication 
through this 3 cm thick meat piece. Moreover, we have successfully transmitted a high-
resolution image file of 14 MB through the 3 cm thick meat sample as well. Due to some 
practical limitations of the hardware used in our testbed including the prototype of the sample 
holder, we could achieve a date rate of some tens of Kbps. The transmitted optical powers to 
the 3 cm thick meat piece at different values of LED input current are presented in Table 2. 
From the table, it can be seen that the optical powers to the meat sample for these different input 
levels are well inside the safety limit as mentioned in the previous chapter.  
 
Table 2. Optical power applied to meat sample 
Input Current of LED (mA) Optical Power to 3 cm Meat Sample (mW/cm2) 
100 50.94  
200 101.11 
300 146.26 
400 190.53 
500 231.38 
   
The experimental setup of the optical communication through a 3 cm thick meat sample both 
with and without the use of focusing lens is presented in Figure 16.   
 
Figure 14. Experimental setup, (a) Optical communication using a focusing lens and 
(b) Optical communication without focusing lens 
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5.2.1 Impact of Beam Collimation 
For the 3 cm meat sample, the received optical powers using a lens and without lens have been 
measured to investigate the impact of beam collimation. Figure 17 shows the amount of power 
transmitted through the 3 cm thick meat sample at varying input current of the LED. Two cases, 
with a collimated beam and without a collimated beam have been considered. The sample was 
placed 3.2 cm away from the lens as the focal length of our used lens is 3.2 cm. The LED 
without the lens was placed at 0.3 cm distance from the sample. Here, it can be seen the received 
optical power from the tissue sample varies significantly while comparing the two cases. When 
the light beam is collimated using the lens, it is observed that with the increase of per mA of 
LED input current, corresponding received optical power gets increased by 0.48 µW. On the 
other hand, without beam collimation, the received optical power increases by 0.93 µW with 
an increase of 1 mA input current. The overall received optical power appears to be relatively 
lower when we have used the lens. Due to some issues with our prototype sample holder, we 
could only use meat samples with a smaller surface area. The length and height of the meat 
surface facing the light were 4.5 cm and 3 cm respectively.  So, this small area surfaces could 
not be able to properly fit all the parallel light beam that hit the surface. Similarly, the meat 
sample could not fully cover the photodetector sensor on the receiving side. This limitation 
regarding the size of the meat sample has resulted in signal losses. Additionally, although the 
lens used for beam collimation has anti-reflective coating still some of the light rays might get 
reflected from the surface of the lens.  
 
Figure 15. LED input current v/s received optical power for cold sample (11°C) 
 
After that, we have heated the same meat sample to 37°C. The same experiment has been 
repeated for the heated sample as well. Figure 18 presents the amount of power transmitted 
through the 3 cm thick heated meat sample at varying input current of the LED. The optical 
communication was successful through the heated 3 cm thick meat sample as well. Here, we 
have also found that the use of focusing lens leads the received optical power to be significantly 
decreased. The slope of the fitted line indicates that, with the increase of per mA of LED input 
current the corresponding received powers increase by 0.49 µW and 0.95 µW respectively with 
and without beam collimation for the heated meat sample.       
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Figure 18. LED current v/s received power for heated sample (37°C) 
 
 
5.2.2 Impact of the Tissue Temperature  
When the 3 cm thick cold and heated meat samples were compared, we have seen a very slight 
difference in the respective received optical powers presented in Figure 19. From the slope of 
the fitted line, it can be seen the transmitted power through the heated sample increases by 0.95 
µW with a per mA increase of the LED current. Whereas, the cold meat sample faces an 
increase of 0.93 µW, as mentioned previously. This variation in the received optical power is 
mainly due to the change of optical properties that occurs in the tissue when it gets heated. 
When the meat is heated to 37°C, the meat fat tends to become more transparent. This 
transparency of the fat causes a rise in the received optical power.   
                     
Figure 19. LED input current v/s received optical power for a cold and heated meat 
sample 
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5.2.3 Impact of Distance between Lens and Sample 
In order to determine the impact of the beam collimation more precisely, the distance between 
the surface of the LED lens and the meat sample has been varied. We have placed the 
collimation adapter at twenty different positions for the experiment. The measurements of the 
received optical power corresponding to these twenty positions have been carried out. For these 
measurements, the input current of LED was set to 300 mA. Figure 20 shows the received 
optical power with respect to the distance between the LED lens surface and the meat sample. 
The plot indicates that the power transmitted through the tissue gets gradually decreased with 
the increase of the distance between lens surface and sample. The maximum received optical 
power has been detected at a distance of 0.5 cm.  
    
Figure 16. Effect of lens distance from the sample on output power 
 
 
5.2.4 Repeatability Tests 
In order to check the accuracy of our measurements, an inter-sample repeatability test using a 
3 cm thick meat sample has been performed. It is highly required to conduct the same 
experiment multiple times with the same sample following the same conditions every time. We 
have obtained the received optical power of this sample six times keeping all the experiment 
procedures, measurement criteria, optical parameters unchanged. The input current of LED was 
set to 300 mA during these six observations. Figure 21 represents the variation in the output 
power of a 3 cm meat sample for six different observations. It is noticed that the received optical 
power with respect to the number of observations suffers from a minor variation. However, this 
variation can be considered negligible as the obtained p-value is 0.713. So, it could therefore 
be said that the measurements being carried out have a good accuracy rate.  
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Figure 17. Output power variation for six individual observations 
 
Another experiment has been conducted by using six different meat samples all having a 
thickness of 3 cm. All these meat samples belong to the same pig and represent the complex 
multi-layered structure of biological tissues. These six meat samples taken for this experiment 
are shown in Figure 22. Among these, five samples have been taken from five different 
positions of three separate belly meat chunks. The sixth sample has been taken from the front 
forearm of the pig. All the samples except from sample number 5 which belongs to the forearm, 
consist of multiple layers of fat and flesh. Sample number one consists of 1.5 cm of fat in 
multiple layers and a total of 1.5 cm of flesh. Similarly, sample number 2 is made of 1.3 cm fat 
and 1.7 cm of flesh. Sample number 3 has a very thin layer of fat compared to the rest of the 
belly meat samples. The thicknesses of the fat and flesh are 0.8 cm and 2.2 cm, respectively. 
The total thickness of the fat in sample number 4 is 1.9 cm along with a 1.1 cm of flesh. 
However, the tissue structure of this particular sample is quite complex. Sample number 5 that 
belongs to the forearm area has a relatively dense layer of flesh with a thickness of 2.8 cm and 
0.2 cm of the fat layer. Whereas, the sample number 6 has a fairly similar structure with 1.4 cm 
fat and 1.6 cm flesh, compared to that of the sample number 1.  
 
 
Figure 18. Six individual meat samples 
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The variations in the power transmitted through the six different samples are presented in 
Figure 23. It can be clearly seen that the transmitted power through the sample number 5 is 
significantly lower than the power of the rest of the samples. The dense layer of meat in this 
sample causes this loss of transmitted power. Although, the other five samples are not 
completely homogeneous in structure but all of those are comprised of multiple layers of both 
fat and flesh. The transmitted power through these samples suffers fewer variations from each 
other mostly due to the thicker fat layers. The average output power of these five samples is 
305.92 µW. 
        
Figure 19. Variation of output power on different samples 
 
 
5.2.5 Impact of Tissue Orientation 
One of the experiments for this work has been conducted using a 2 cm squared solid piece of 
meat. There is no skin attached to this meat piece. It consists of 0.5 cm of the fat layer and 
another 1.5 cm layer of flesh. The measurements of this sample have been carried out without 
the use of a focusing lens for LED. The purpose of this experiment with a meat sample without 
the skin is to check whether the orientation of tissue structure causes any effect on optical 
communication through biological tissue. The transmitted power through the tissue sample has 
been measured for the variation of the LED input current. The first set of measurements was 
taken with the meat sample placed randomly as an optical medium for communication. At the 
time of the second set of measurements, the same procedure has been followed with the meat 
sample in a 180 degrees flipped position. As a result, optical communication was established 
through a different tissue orientation of the same sample of tissue. Figure 24 illustrates the 
change in received optical power with respect to varying current levels for both flipped and 
non-flipped meat samples. A clear difference in transmitted power can be noticed for these two 
cases. Moreover, the transmitted power through the sample without having the skin appears to 
be much higher than those of the samples having the skin on.  
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Figure 20. LED input current v/s received optical power 
 
Moreover, the 3 cm thick meat sample has been flipped by 180 degrees to investigate the 
optical anisotropy of biological tissue. First, the light was applied to the skin surface of the meat 
sample and the received optical powers at varying input current levels have been measured. 
Then, the meat sample was flipped so that the flesh surface could face the light rays. The same 
measurements were taken with this setup. The first setup can be considered as the optical 
communications from outside to the inside of the body. Similarly, the other setup can be 
considered as optical communications from inside to the outside of the body. Figure 25 presents 
the effect of optical anisotropy of the biological tissue on the received optical power. Due to 
the change in refractive indices for the two measurement setups, a slight difference in receive 
optical powers can be noticed.   
    
      Figure 25. LED input current v/s received optical power 
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5.2.6 Impact of Sample Thickness 
Here, four meat samples having a thickness of 1 cm, 2 cm, 2.5 cm, and 3 cm have been chosen 
for the experiment. All the samples are taken from the same chunk of belly meat. However, we 
avoided cutting the same 3 cm sample (used for the previous measurement) down to our 
required thicknesses. Since the 3 cm meat piece consists of multiple layers of fat and flesh, 
cutting this piece to 1 cm thick slice would have resulted in a sample with only a fat element. 
The same procedures have been applied to these four different thick samples to investigate the 
penetration of light through these. The effect of tissue thickness on the light penetration and 
received optical power is illustrated in Figure 26. With the increase of tissue thickness, the 
received optical power through the tissue dropped significantly.   
   
Figure 21. Sample thickness v/s output power 
 
The transmittance rate of these four samples has also been measured and compared. 
Transmittance is used to determine the total amount of light that usually passes through a 
particular medium. As expected, the transmittance rate of a 1 cm thick sample was found to be 
maximum among all the samples. Whereas the 3 cm thick sample had the minimum 
transmittance rate. The transmittance rate with respect to varying LED input current for 1 cm, 
2 cm, 2.5 cm, and 3 cm thick meat samples are presented in Tables 3, 4, 5, and 6 respectively.  
 
Table 3. Transmittance rate for 1 cm thick sample 
Thickness (cm) LED Input 
Current (mA) 
Incident Power    
(mW/cm2) 
Received Power 
(mW/cm2) 
Transmittance 
(%) 
 
 
1 
100 50.94 1.86 3.65 
200 101.11 3.94 3.89 
300 146.26 5.91 4.04 
400 190.53 7.48 4.00 
500 231.38 9.22 3.98 
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Table 4. Transmittance rate for 2 cm thick sample 
Thickness (cm) LED Input 
Current (mA) 
Incident Power    
(mW/cm2) 
Received Power 
(mW/cm2) 
Transmittance 
(%) 
 
 
2 
100 50.94 0.2 0.39 
200 101.11 0.43 0.43 
300 146.26 0.63 0.43 
400 190.53 0.83 0.44 
500 231.38 1.02 0.44 
 
Table 5. Transmittance rate for 2.5 cm thick sample 
Thickness (cm) LED Input 
Current (mA) 
Incident Power    
(mW/cm2) 
Received Power 
(mW/cm2) 
Transmittance 
(%) 
 
 
2.5 
100 50.94 0.15 0.29 
200 101.11 0.22 0.22 
300 146.26 0.41 0.30 
400 190.53 0.78 0.41 
500 231.38 0.87 0.38 
 
Table 6. Transmittance rate for 3 cm thick sample 
Thickness (cm) LED Input 
Current (mA) 
Incident Power    
(mW/cm2) 
Received Power 
(mW/cm2) 
Transmittance 
(%) 
 
 
3 
100 50.94 0.09 0.19 
200 101.11 0.2 0.20 
300 146.26 0.3 0.21 
400 190.53 0.38 0.20 
500 231.38 0.46 0.19 
 
 
5.2.7 Measurement Results Using Phantoms 
Here, we have conducted experiments to wirelessly transmit data through biological phantoms 
utilizing NIR light of 810 nm wavelength. We have used five phantoms with scattering 
coefficients of 1 mm-1, 2 mm-1, 4 mm-1, 6 mm-1, and 10 mm-1. Along with establishing optical 
communications through all the separate phantoms, we have successfully transmitted the same 
image file that we have used for pork meat samples before. The experimental setup of optical 
communication through the phantom mimicking skin is presented in Figure 27. 
 
 
Figure 22. Experimental setup for optical communication through phantom 
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For these phantoms, during the measurements the input current of LED was set to 300 mA. 
Table 7 represents the incident power and received power through the six different phantoms.  
 
Table 7. Incident and received power to the phantoms 
Scattering Coefficient (mm-1) Incident Power (mW/cm2) Received Power (mW/cm2) 
1 146.26 16.45 
2 146.26 4.05 
4 146.26 3.02 
6 146.26 2.94 
10 146.26 1.98 
 
Figure 28 shows the received optical power of the phantoms with respect to the scattering 
coefficients. It can be seen that the maximum received power was obtained for the phantom 
with a scattering coefficient of 1 mm-1. As the scattering coefficients per mm unit of the 
phantoms get increased, a significant loss in the transmitted power can be noticed. 
      
Figure 23. Scattering coefficients of mm-1 v/s received optical power 
 
 
5.3 Characterization of Tissues and Communication Links 
The process of light propagation through biological tissues is highly complex. Various 
parameters such as scattering, absorption, reflectance are extremely important to better 
understand the concept of light propagation through biological tissues. Here, based on the 
measurement results from the conducted experiments, we have tried to characterize the 
communication links, used tissues, and their different parameters.  
The manner in which the light rays hit the biological tissue surface holds great importance 
when the proper optical communication through the tissue is concerned. Here, we have 
conducted experiments to understand the impact of beam collimation on optical 
communications. Beam collimation has a significant effect on the penetration of light through 
an optical medium. The proper usage of the focusing lens is utilized mainly to narrow down the 
light rays, which is very crucial for successful OCBT. Therefore, good care should be taken for 
the precise placement of the focusing lens. Ideally, optical communication through tissues with 
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the help of beam collimation should provide better results compared to the communication 
without using a collimated beam. However, according to our measurements, for 100 mA input 
current the transmitted power through 3 cm thick tissue with and without the beam collimation 
is 52.3 µW/cm2 and 98.3 µW/cm2, respectively. Due to small size of the meat sample, boundary 
reflection played a significant role which has caused this lower optical power after using the 
lens. Moreover, transmitted power through the tissue is inversely proportional to the distance 
between the surface of the lens and tissue sample. With the increase of this distance, we have 
noticed a continuous decrease in the output power of the tissue. In order to completely focus all 
of the light rays on the tissue, the distance between the surface of the lens and tissue needs to 
be chosen accurately. 
The temperature of the tissue sample also has an effect on the behaviour of optical 
communications through biological tissue. When comparing the transmitted power through a 
cold and heated version of the same sample, a slight rise in the received power through a heated 
sample was noticed. Therefore, it can be assumed that light rays tend to penetrate better through 
heated meat pieces since the heat helps the fat layer of meat to be transparent. Here, we have 
found the maximum received optical power to be 469.2 µW/cm2 and 496.4 µW/cm2 for meat at 
11 and 37°C, respectively.   
The repeatability test is considered to be an essential element during the measurement 
process. This test helps to determine the variations regarding the measurement data. There are 
some conditions such as, same experimental procedure, same measurement tools, same 
parameters, and locations that are required to follow during a repeatability test. One of the major 
limitations during our measurement process was that we have not determined the uncertainties 
of the received optical power with respect to a fixed LED input current. However, we have 
conducted an inter-sample repeatability test to observe the uncertainties. Here, the p-value 
measured during the inter-sample repeatability test is 0.713. This illustrates that the 
measurement process followed in this work would give an accurate result for various tissue 
samples.  
Experiments conducted by utilizing six individual samples of similar thickness provide 
valuable information regarding the characteristic of the used tissue. From the experiment, it is 
seen that the propagation of light is not exactly similar for samples taken from different areas 
of the pig body. The tissue structure plays a big role in determining how the light will propagate 
through it. Light propagation through the fat layer seems to be better compared to the 
propagation of light through dense muscle tissue. Tissue samples with more fat layers 
experience less amount of transmitted power loss.   
We have seen significant variations in the transmitted power through tissue samples having 
different thicknesses. The received optical power from a tissue sample with relatively small 
thickness has been found to be higher, as expected. Also, for the samples with less thickness 
need less input current for optical communication through them. This can be viewed as a key 
characteristic while wireless optical communication through biological tissue is concerned. 
Some implantable medical devices are located very close to the skin. One such device is 
pacemaker which is typically located just under the collar bone and several millimetres away 
from the skin surface. This key characteristic could be very beneficial for establishing optical 
wireless communication with medical implants. Additionally, the transmittance rate can be 
regarded as another vital parameter for realizing the propagation of light through biological 
tissues.  
We have noticed a difference in the received optical power between different propagation 
directions due to the anisotropic light propagation in biological tissues. So, it can be said that 
the effect of optical anisotropy is also visible from the wireless communications standpoint. 
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Transmission ranges of up to 3 cm have been demonstrated in this work. This is a quite 
significant range, allowing communications in principle to more deeply located devices. The 
optical link was not matched perfectly to the optical channel. It is believed that higher data 
throughput can be obtained once the optical channel of biological tissues is precisely modelled 
and a received matched to it can be designed.  
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6 DISCUSSION AND CONCLUSION 
This thesis work investigates the potentiality of utilizing light rays for optical communication 
through the biological tissues. An experimental testbed comprised of mostly commercially 
available functionalities and components were used to carry out the measurements. An optical 
transmitter, suitable communication medium, an optical receiver are the fundamental 
components of our testbed.  Biological phantoms and pork meat samples have been employed 
as optical media. The phantoms and meat samples were illuminated with the help of a near-
infrared LED at a wavelength of 810 nm. Since the NIR light penetrates deeply through the 
biological tissue, we have chosen this to be the light source for our experiments.  
Here, we have demonstrated a successful optical transmission of information through a 3 cm 
thick pork meat sample. The optical communication was successful using the biological 
phantoms mimicking human skin as well. The amount of optical power applied to the meat 
sample at the time of communication was much lower than the safety limit. We have performed 
testing on both cold and heated samples and optical communication has been successful for 
both the cases. However, the change of tissue temperature has caused a variation in the optical 
received power of the tissue samples. The optical received power of the heated tissue sample 
was appeared to be higher compared to that of the cold tissue sample. Moreover, the positioning 
of the focusing lens used for beam collimation holds the utmost significance on the 
transmittance rate. Besides, the measure of transmitted power through the tissue relies on the 
components of the tissue structure. Heterogeneity of the elemental composition of the tissue 
that is anisotropy has a substantial influence on the propagation of light through tissue. These 
results suggest that the optical channel is not reciprocal, and special care should be taken when 
designing links to and from devices inside the human body. We have extended our 
measurements by alternating the surface of tissue in which the NIR light was applied to better 
understand the optical properties of biological tissue. A considerable amount of variation in the 
received optical power has been noticed because of this change in orientation of the tissue 
sample. Not only light at wavelengths in the NIR zone (650nm-950nm) typically possesses the 
highest penetration depth in tissue, also it gets less affected by the scattering and absorption 
properties of the tissue. In spite of these characteristics of light, still, with the increase in the 
thickness of the meat sample, we have seen a significant loss in terms of transmittance rate. The 
data rate during the OCBT has been found to be in the order of tens Kbps which is relatively 
low. However, this low data rate can be very useful in some applications concerning 
implantable medical devices. Using more sophisticated modulation schemes as well as multiple 
light beams could be solutions to increase the achievable data rate. Also, once the optical 
channels are fully understood and modelled, as communication systems matched to the channel 
can be designed. 
Plenty of potential advantages are associated with the concept of optical communication 
through biological tissue. The measurement results of our experiment indicate a number of 
possible future applications of optical wireless communications, particularly in healthcare 
applications. Optical wireless communication can well be utilized in various implantable 
medical devices. Certain drawbacks regarding conventional RF communication like 
interference, safety, energy, security, and privacy can be avoided as well as resolved with the 
use of optical communication. Communication using light source does not experience 
interference like typical RF communication and this can be beneficial in various environments. 
Radio exposure during the RF communication could hamper the properties of biological tissues 
and this perhaps can be overcome with the use of light. Optical communication needs quite less 
power to be operated and is considered as a great advantage. Mostly LOS configuration is 
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required as optical communication is concerned. This characteristic has the ability to protect 
the medical implants from any kind of unauthorized access thus wellness and safety of the 
patients is ensured. The light-based communication system is a highly complementary approach 
to radio-based communication. A highly flexible hybrid optical-radio wireless network having 
several potential application cases has also been exploited in this thesis work. With all these 
advantages, we can say that optical wireless communications could be regarded as a more 
favourable choice for future medical technology. A variety of functions related to medical ICT 
particularly, treatment and diagnostics can be conducted using this significantly reliable and 
secure optical wireless communications. Thus, the results obtained from this work could make 
an important contribution to the advancement of 6G technology. Novel applications related to 
the use of optical communications in biological tissues include communication with smart pills, 
the concept of internet of the human body (IoHB), brain-machine communications, and others. 
Some hardware limitations associated with the experimental testbed results in obtaining 
relatively low optical power and data transmission rate. Although, these measurement results 
are quite satisfactory but more extensive measurements will be carried out in the future to better 
understand the feasibility of using light for communicating through biological tissues. With the 
use of more advanced hardware and different modulation schemes, we expect an increase in the 
data transmission rate and communication range. Moreover, pulsed communications (e.g., high 
power over short periods) which provide low duty cycles can also help to increase 
communication range. In addition to the proper modifications of the testbed, the future work 
will be based on addressing and overcoming the challenges related to the OCBT using different 
forms of biological tissues.  
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